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Addition of Mno2 in synthesis 
of nano-rod erdite promoted 
tetracycline adsorption
Suiyi Zhu1, Yanwen Liu1, Yang Huo1, Yu chen2, Zhan Qu1, Yang Yu3, Zhihua Wang1, Wei fan1*, 
Juwei peng4* & Zhaofeng Wang5

Erdite is a rare sulphide mineral found in mafic and alkaline rocks. Only weakly crystallised fibrous 
erdite has been artificially synthesised via evaporation or the hydrothermal method, and the process 
generally requires 1–3 days and large amounts of energy to complete. In this study, well-crystallised 
erdite nanorods were produced within 3 h by using MnO2 as an auxiliary reagent in a one-step 
hydrothermal method. Results showed that erdite could synthesised in nanorod form with a diameter 
of approximately 200 nm and lengths of 0.5–3 μm by adding MnO2; moreover, the crystals grew 
with increasing Mno2 addition. Without MnO2, erdite particles were generated in irregular form. The 
capacity of the erdite nanorods for tetracycline (TC) adsorption was 2613.3 mg/g, which is higher 
than those of irregular erdite and other reported adsorbents. The major adsorption mechanism of the 
crystals involves a coordinating reaction between the −nH2 group of tc and the hydroxyl group of fe 
oxyhydroxide produced from erdite hydrolysis. To the best of our knowledge, this study is the first to 
synthesise erdite nanorods and use them in TC adsorption. Erdite nanorods may be developed as a new 
material in the treatment of TC-containing wastewater.

Erdite is naturally associated with sulphide minerals in mafic and alkali host rocks1. Erdite is stable in alkaline 
conditions and can be observed in the residual sludge obtained from alkaline desulfurisation using sodium ferrite 
as desulfuriser during the recycling of lead from electrolyte battery waste2 and from aluminate salt purification 
during bauxite refining3. Erdite was first synthesised by melting a stoichiometric ratio of Na, S and Fe salts, but the 
product was intertwined in the form of weakly crystallised fibres4. Similar erdite fibres were produced by heating 
siderite and NaHS at 150 °C, but the hydrothermal process required 2–3 days to complete5. Crystallised erdite 
can be used as raw material in the water, chemical and semiconductor industries6,7; therefore, developing new, 
cost-effective and efficient methods to mass produce the material is highly desirable.

Under acidic and/or neutral pH conditions, erdite is metastable and rapidly decomposes to produce H2S and 
sulphur via the protonation of S-bridges and subsequent redox reaction of Fe(III) –SH groups8. Lassin et al.2 
investigated the dissolution–precipitation of lead-refining slag (containing 20–50% erdite) from waste battery 
disposal and found that the final solution is alkaline; in addition, the predominant species were Na+, Fe(OH)4

−, 
HS− and SO4

2−. The breakdown of erdite may generate fresh Fe oxyhydroxide, which has a large number of sur-
face coordination sites and could be used to adsorb pollutants in wastewater9. However, the removal of pollutants 
in wastewater by using erdite has yet to be studied.

Pharmaceutical tetracycline (TC) is used worldwide in food additives, human therapy and farming indus-
try10. Because TC is poorly metabolised, large fractions of the drug are excreted through urine and faeces as 
the unmodified parent compound11. In conventional biological wastewater treatment, TC is mainly removed by 
biosorption, but only small portions of it are biodegraded12,13. The discharge limit and acceptable level of TC have 
not been published14. To avoid TC pollution, Chinese government strengthened regulations to limit the chemical 
oxygen demand of the treated effluent to less than 50 mg/L14,15. TC forms residues and is frequently detected 
in soil and surface waters near the discharge outlet of pharmaceutical wastewater treatment plants16,17. Many 
approaches, including wet oxidation, electrochemical treatment, photocatalysis18, adsorption19,20, coagulation 
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and chlorination, have been developed to effectively remove TC from wastewater. Advanced oxidation employs 
free radicals to nonselectively oxidise organic matter (e.g. TC)21,22 without generating secondary pollutants23; 
its efficiency can be improved by enhancing the photocatalyst activity and/or reaction conditions24–26, but its 
applications are limited by high energy consumption and complicated instrumentation27. As an alternative to this 
method, adsorption is characterised by high effectiveness, cost efficiency and simply operation28; thus, it can be 
applied to treat TC-bearing wastewater. Various natural minerals and synthesised materials, such as montmoril-
lonite29, activated carbons30, active sludge12, graphene31 and Fe–Mn binary oxide32, have been used to remove TC 
from wastewater. The adsorption performance of sorbents can be considerably improved by increasing the avail-
ability of surface sites and/or activating surface functional groups. Thus, the development of efficient adsorbents 
for TC removal remains an urgent undertaking.

In this study, we synthesised well-crystallised erdite nanorods via a one-step hydrothermal method using 
MnO2 as an auxiliary reactant. Using the proposed method, erdite nanorods were generated within only 3 h. The 
synthesised erdite nanorods showed high capacity for TC adsorption and, therefore, great application potential 
in wastewater treatment.

Results and Discussion
The morphology and crystallography of the erdite particles were recorded by Scanning electron microscope 
(SEM) and X-ray powder diffraction (XRD) . Figure 1(A) shows that, without MnO2, the prepared P0 presents 
as irregular flake-shaped flocs. After MnO2 addition, nanorod particles with a diameter of approximately 200 nm 
and lengths of 0.5–2 μm are formed (Fig. 1(B)). The weak diffraction peaks of P0 (Fig. 2 P0) at 2θ = 12.7°, 16.5°, 

Figure 1. SEM images of erdite particles synthesised at Mn/Fe molar ratios of (A) 0, (B) 0.05 and (C) 0.2.

Figure 2. XRD spectra of erdite particles synthesised at Mn/Fe molar ratios of (P0) 0, (P0.05) 0.05 and (P0.2) 
0.2.
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19.4° and 39°, which correspond to the (110), (200), (020) and (330) crystal planes of erdite (JCPDS 83–1323), 
respectively, intensified in P0.05 and P0.2 (Fig. 2, P0.05 and P0.2), thus suggesting that erdite nanorods are crys-
tallised by MnO2 addition and that the crystals grow with increasing addition of MnO2.

When the Mn/Fe molar ratio was increased from 0.05 to 0.2, crystallisation was improved, and the length of 
the nanorod crystals increased to 3 μm (Fig. 1(C)). Moreover, the predominant orientation of the erdite phase 
of P0.2 along the (110) reflection intensified (Fig. 2) in comparison with that of P0.05. This finding suggests that 
excess MnO2 promotes microcrystal growth along the (110) reflection to produce the long erdite nanorods of 
P0.2. A peak at 2θ = 23.1°, which belongs to S8 (JCPDS 78-1888), was observed in all three spectra, thereby indi-
cating that the polysulphide S8 is generated in the formation of erdite.

When the Mn/Fe ratio was increased to 1, a mixture of nanorods (Fig. 3(A)) and octahedral and irregular 
particles was obtained (Fig. 3(B)). The nanorod particles showed a morphology similar to that of P0.2 and was 
attributed to well-crystallised erdite (Fig. 4); the octahedral and irregular particles were considered to belong to 
γ-MnS and polysulphide S8 (Fig. 4), respectively. This result demonstrates that excess MnO2 at a molar ratio of 1 
maintains the morphology of erdite nanorods but increases the content and size of γ-MnS crystals.

The valences of S, Fe and Mn on the surface of the erdite particles were determined by X-ray photoelectron 
spectrometry (XPS). The S 2p spectra in Fig. 5(A) reveal four major S 2p3/2 peaks at 160.2, 161.3, 163.2 and 
167.5 eV; these peaks belong to structural S2 in erdite, S2−, polysulphide and SO4

2−, respectively. Deconvolution 
of the S 2p envelope indicates that the relative area of the S2− peaks is 26.5% in P0 but only 15.6% in P0.2. By 
contrast, the relative area of structural S2 peaks in erdite increased from 5.2% in P0 to 44.3% in P0.2. This result 

Figure 3. SEM images of erdite particles synthesised at a Mn/Fe molar ratio of 1.

Figure 4. XRD pattern of erdite particles synthesised at a Mn/Fe molar ratio of 1.
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indicates that S2− is involved in the formation of erdite. The Fe 2p 3/2 spectra of P0 in Fig. 5(B) show a weak peak 
at 707.8 eV, which could be assigned to Fe3+–S in erdite; this peak intensified in P0.05 and P0.2. The results indi-
cate that erdite generation is enhanced by addition of MnO2, consistent with the XRD results (Fig. 2). The Mn 2p 
spectra showed a peak with a binding energy of 640.4 eV and a satellite peak 5.1 eV ahead of the binding energy 
(Fig. 5(C)), which may be assigned to structural Mn2+ in MnS33,34. These results reveal that reduction of MnO2 by 
Na2S, along with the generation of MnS, occurs in P0.05 and P0.2.

When Na2S is added to the liquid phase, it hydrolyses to HS− and OH−, resulting in increases in pH. When 
the pH of the solution is greater than 13, Fe3+ is hydrolysed to Fe(OH)4

− 35. HS− is diffused into the structure 
of Fe(OH)4

−, and OH− is replaced by HS− with the formation of Fe(OH)3HS− (Eq. (1)). The two newly formed 
Fe(OH)3HS− species are subsequently polymerised with the release of two water molecules (Eq. (2)). The polym-
erisation reaction continues in the presence of adequate Fe(OH)4

−, with the polymer chain (FeS2)n
n− being 

the final product (Eq. (3)). The free charges on the (FeS2)n
n− chain are neutralised by Na+ 36, and free channels 

within these chains are occupied by water molecules37. Therefore, well-crystalised erdite consisting of long linear 
(FeS2)n

n− chains, with each Fe ion tetrahedrally surrounded by four sulphur atoms38, is generated.

+ ↔ +− − − −S eFe(OH) H F (OH) HS OH (1)4 3

 (2)

Figure 5. High-resolution (A) S 2p, (B) Fe 2p and (C) Mn 2p XPS spectra of P0, P0.05 and P0.2.
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 (3)

In Eq. (3), R1 and R2 represent the growing polymeric species of the (FeS2)− unit.
During erdite formation, replacement of OH−and polymerisation of (FeS2)n

n− (Eqs (1–3) occur spontaneously 
and rapidly3, and the formed (FeS2)n

n− chain is stable in structure, even after calcination at approximately 500 °C 
for 12 h39. This finding indicates that the redox reaction of Fe–S in erdite is considerably inhibited.

Dissolved oxygen in the liquid phase reacts with HS− to form elemental sulphide and OH− as the byproduct 
(Eq. 4). Elemental sulphur is a key intermediate10,40 and could react with HS− to form polysulphide S8 via Eqs (5, 
6) 41. Polysulphide S8 has low solubility in solution10 and forms in the colloidal state at high pH17,41, followed by 
precipitating from the aqueous solution42. Oxidation of HS− to sulphate also occurs under oxygen-rich conditions 
via Eq. (7)43 but is inhibited by the exhaustion of dissolved oxygen during the hydrothermal process. Luther et 
al., using a frontier molecular orbital model, postulated the formation of elemental S as an intermediate in the 
H2S and H2O2 reactions and found the formation of polysulphide S8 as the major end product as well as a small 
amount of sulphate as a minor product43,44.

+ → +− −HS O S OH2 2 2 (4)2

+ →− −HS S HS (5)2

+ → +− −HS S S HS7 (6)2 8

+ + → +− − −HS O OH SO H O2 (7)2 4
2

2

Addition of MnO2 accelerates the oxidation of HS− via the following reactions. HS− is rapidly oxidised to ele-
mental sulphide with the generation of MnOOH and OH− via Eq. (8) 45. Thus, the reaction of HS− and dissolved 
oxygen is catalysed by the insoluble MnOOH formed under alkaline conditions41,45, which promotes the forma-
tion of polysulphide S8 via Eqs (5, 6).

+ + → + +− −S MnO H O MnOOH S OHH 2 2 , (8)2 2

Therefore, a large amount of OH−, which promotes the formation of Fe(OH)4
− and polymerisation of 

(FeS2)n
n− chains, is produced as a result of the three reactions (Eqs (1, 4 and 8)). When the dissolved oxygen 

is exhausted, the structural Mn in MnOOH is readily reduced to Mn2+ by HS− 46 with the generation of MnS. 
Without MnO2, oxidation of HS− is slow, leading to the low production of OH− and Fe(OH)4

−, which inhibits 
erdite formation.

The adsorption capacity of the erdite nanorods for TC was investigated because the latter is a common pol-
lutant in pharmaceutical wastewater19,29. Four of the most widely established isotherm models, namely, the 
Langmuir (Eq. (9)), Freundlich (Eq. (10)), Dubinin–Radushkevich (D–R) (Eq. (11)) and Temkin (Eq. (12)) iso-
therms, were used to simulate the experimental data; these models can be expressed as follows:

= +
C
q K q

C
q

1 ,
(9)

e

e L m

e

m

= −lnq lnK b lnC , (10)e F F e

ε= −lnq lnq K , (11)e m DR
2

= +q BlnA BlnC , (12)e e

where Ce is the equilibrium concentration of TC in the solution (mg/L), qe is the equilibrium adsorption capacity 
(mg/g), KL and qm are the Langmuir isotherm constant and maximum adsorption capacity (mg/g), respectively, 
KF and bF are the Freundlich constants, KDR is the D–R isotherm constant and A and B are the Temkin isotherm 
constants.

The linear fittings of the four isotherm models are shown in Fig. 6. The parameters of each isotherm model 
were calculated with their correlation coefficients (R2) and the results are shown in Table 1. The fitting of the 
linearised Langmuir model to the experimental data was better than those of the Freundlich, D–R and Temkin 
isotherms. Thus, the Langmuir isotherm provides the best description of the experimental data.

The maximum adsorption capacity of erdite increased significantly from 675.7 mg/g for P0 to 2446.7 mg/g for 
P0.05 and then to 2613.3 mg/g for P0.2; these results indicate that MnO2 is important to the adsorption capacity 
of erdite for TC. MnO2 is a common auxiliary reagent and widely used to promote the performance of adsor-
bents toward various contaminant (e.g. TC)31,47. For instance, Song et al. reported that graphene loaded with 40% 
nanorod MnO2 exhibits a maximum TC adsorption capacity (qm) of 1789 mg/g and that the observed adsorption 
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capacity remains constant with increasing MnO2 loadig from 40% to 60%31. In our study, P0.2 showed a desir-
able TC qm of 2613.3 mg/g, which is higher than those of P0, 40% MnO2-loaded graphene31, carbon materials 
(maximum of 1340.8 mg/g)30 and zeolite materials (800 mg/g)19. P0.2 also showed a TC removal rate higher than 

Figure 6. Linear fitting of the (A) Langmuir, (B) Freundlich, (C) D–R and (D) Tempkin isotherms to describe 
the adsorption of TC on the prepared erdite particles.

Isotherm Parameters P0 P0.05 P0.2

Langmuir

R2 0.972 0.997 0.991

qm (mg/g) 675.7 2446.7 2613.3

KL 0.004 0.088 0.097

Freundlich

R2 0.882 0.867 0.937

bF 0.521 0.085 0.068

KF 12.7 1467.6 2352.4

D–R

R2 0.951 0.764 0.819

qm (mg/g) 484.9 2336.2 2575.3

KDR 0.008 1.36 × 10−5 1.51 × 10−5

Templin

R2 0.927 0.711 0.630

B 166.1 346.9 408.1

A 0.016 3.92 4.31

Table 1. Parameters and regression coefficients (R2) of the isotherm models.
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7Scientific RepoRtS |         (2019) 9:16906  | https://doi.org/10.1038/s41598-019-53420-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

those of other flocculants (Fig. 7(A)), such as polymeric aluminium chloride (PAC) and polymeric ferric sulphate 
(PFS). Similar to these flocculants, used P0.2 has an amorphous form and shows a lower TC removal rate in 
comparison with that of P0.2 (Fig. 7(B)); this finding suggests that the reusability of erbite particles is undesirable. 
After adsorption, the solution pH slightly increased to approximately 7.4, but the concentrations of Fe, Mn, sul-
phate and sulphide did not change obviously. Hence, no secondary pollutant was released to the solution during 
adsorption.

P0 and P0.2 were characterised by XRD and XPS after adsorption to investigate the adsorption mechanism of 
TC by erdite. The diffraction peaks of erdite intensified from P0 to P0.2, as shown in Fig. 3, but disappeared after 
TC adsorption, leaving only S8 diffraction peaks (Fig. 8). Thus, only the XPS peaks of polysulphide and sulphate 
are recorded in Fig. 9(A). The Fe 2p XPS spectra (Fig. 9(B)) shows the absence of the typical peak of Fe(III) -S in 
erdite at 707.8 eV and the formation of a new peak at 709.7 eV, which is attributed to Fe oxyhydroxide from erdite 
hydrolysis. These findings indicate that the erdite in P0 and P0.2 is completely hydrolysed with the formation of 
weakly crystallised Fe oxyhydroxide. The Mn 2p3/2 peak with a binding energy of 641.7 eV (Fig. 9(C)) agrees with 
the Mn3+ peak in MnOOH reported in other studies48–50, thus suggesting that the hydrolysis of MnS in P0.2 is 
followed by oxidation during TC adsorption45. The N 1 s XPS spectra (Fig. 9(D)) of P0 and P0.2 show two peaks 
at 399.5 and 401.4 eV, which belong to the N atoms of –NH3

+ and –NH– of TC, respectively, after adsorption. No 
peak was observed in the N1s spectra of P0 and P0.2 before adsorption, thus suggesting that the adsorption of TC 
occurs on the hydrolysed species of P0 and P0.2.

Figure 7. (A) Adsorption capacities of TC by P0.2, activated carbon powder, PAC, PFS and diatomite. (B) 
Reusability of P0.2 for TC adsorption. Experimental conditions: TC concentration = 1000 mg/L, adsorbent 
dosage = 0.01 g, equilibrium time = 2 h.

Figure 8. XRD spectra of P0 and P0.2 after TC adsorption.

https://doi.org/10.1038/s41598-019-53420-x
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When erdite is added to TC-containing solution, hydrolysis of erdite probably proceeds by protonation of the 
S–Fe bond. Subsequently, (FeS2)n

n− chains are disintegrated via the reverse reaction of Eq. (1) (Fig. 10, step 1) to 
yield Fe oxyhydroxide as the final product because Fe(OH)4

− is unstable and rapidly dehydroxylated at pH < 11. 

Figure 9. High-resolution (A) S2p, (B) Fe 2p, (C) Mn 2p and (D) N 1s XPS spectra of P0 and P0.2 after TC 
adsorption.

Figure 10. Illustration of TC adsorption by erdite particles.

https://doi.org/10.1038/s41598-019-53420-x
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No S2−-containing compounds are observed in the XPS S 2p spectra (Fig. 9(A)), which suggests that the con-
centration of surface S2− is low. Thus, the redox reaction of the Fe-S bond in erdite is subordinate in comparison 
with the hydrolysis of erdite. MnS is similarly hydrolysed, and the Mn2+ obtained is oxidised to MnOOH in the 
presence of dissolved oxygen51, which oxidises HS− at ambient condition (Fig. 10, step 2)45.

Addition of MnO2 during erdite synthesis enhanced TC adsorption. Well-crystallised erdite (P0.2) could 
be generated by addition of MnO2, which is subsequently hydrolysed to generate more Fe oxyhydroxide and 
MnOOH (Fig. 10(B,C)). Both products have abundant surface hydroxyl groups48,52, which serve as coordina-
tion sites for TC adsorption (Fig. 10, step 3). In the liquid phase, TC forms an amphoteric ion30, which is read-
ily adsorbed by Fe oxyhydroxide and MnOOH29. The –NH2 group in the side chain of TC links to H in the 
hydroxyl group of Fe oxyhydroxide and MnOOH to form the –NH3

+ group, resulting in TC adsorption. As 
erdite hydrolysis continues, polymerisation of two adjacent Fe oxyhydroxides occurs with the release of a water 
molecule, resulting in the formation of irregular aggregates (Fig. 10, step 4). The uniform P0.2 nanorod particles 

Figure 11. Flow chart of the synthesis of erdite particles.

https://doi.org/10.1038/s41598-019-53420-x
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are apparently smaller than the P0 flocs (Fig. 1(A,C)), but the hydrolysis product of erdite in P0.2 (i.e. Fe oxyhy-
droxide) shows better TC adsorption in comparison with that of the P0 flocs.

Erdite shows unique characteristics in acidic or neutral pH solution and could generate Fe oxyhydroxide, 
which plays a key role in TC adsorption after its hydrolysis. The product could also adsorb various other pol-
lutants, such as trace heavy metals53, dissolved organic matter54 and bacteria55; such properties confer this novel 
material with promising potential for application to the adsorption of heavy metals and organics from wastewater. 
Similar to FeCl3, during erdite production, solid waste containing Fe oxides, such as goethite, hematite and mag-
netite, could be reduced by Na2S56. These wastes ubiquitously exist in groundwater treatment sludge57,58, red mud 
and fly ash59 and could significantly decrease the cost of erdite production. Overall, our results demonstrate an 
alternative strategy for recycling Fe-containing solid waste for low-cost erdite production. Future studies could 
investigate the synthesis of erdite from recycled Fe-containing waste and test the effectiveness of the resulting 
material in wastewater treatment.

Materials and Methods
Synthesis of erdite nanorods. Erdite nanorods were hydrothermally synthesised via the following steps 
(Fig. 11). In brief, 1.63 g of FeCl3·6H2O was dissolved in 30 mL of deionised water and then added with MnO2 
powder under magnetic stirring. After stirring for 10 min at 200 rpm, the suspension produced was transferred to 
a 50 mL Teflon vessel and added with 7.2 g of Na2S.9H2O. The vessel was then sealed and hydrothermally treated 
at 160 °C for 3 h before cooling down to room temperature. The deposits at the bottom of the vessel were collected, 
washed five times with 30 mL of deionised water, and then vacuum dried at 50 °C overnight. During erdite syn-
thesis, the Mn/Fe molar ratio was varied from 0 to 0.05 to 0.2, and the obtained erdite particles were denoted as 
P0, P0.05 and P0.2, respectively.

TC adsorption by the erdite nanorods. TC, a typical antibiotic found at high levels (above 920 mg/L) in 
pharmaceutical wastewater12, was employed to assess the adsorption performance of the synthesised erdite nano-
rods. A stock solution of 2000 mg/L TC was prepared, and its pH was adjusted to 5 by adding 1.44 mol/L HCl and 
1.32 mol/L NaOH. A series of dilute solutions was prepared from the stock by addition of deionised water. Each 
dilution (20 mL) was mixed with 0.01 g of the erdite particles in an Erlenmeyer flask. The flasks were sealed with 
parafilm and shaken at 200 rpm in an incubator (THZ-98A, Yiheng, Shanghai, China) at room temperature. After 
24 h, the flasks were taken from the incubator, and the erdite particles were separated by agitation at 5500 rpm for 
5 min. The TC concentration in the supernatant was determined by high-performance liquid chromatography 
(LC-16, Shimadzu, Japan) using a mobile phase composed of 0.1% phosphoric acid and methanol at a ratio of 
60:40 (v/v). The absorbance at 268 nm was read by using a UV detector, and the retention time was approximately 
5 min. The adsorption capacity (qe, mg/g) of erdite was calculated by using the following equation:

=
− ×q C C V

m
( ) , (13)e

e0

where C0 and Ce are the initial and equilibrium concentrations of TC (mg/L), respectively, V is the solution vol-
ume (L), and m is the particle dosage (g).

Characterisation of the erdite nanorods. The morphology of the erdite particles was determined by 
field-emission scanning electron microscopy (SEM, FEI Co., USA). The X-ray diffraction (XRD) patterns of the 
erdite particles were analysed by a diffractometer (RAPID-S, Rigaku, Japan) with Cu–Kα radiation in the 2θ range 
of 10°–40°. X-ray photoelectron spectroscopy (XPS) spectra were obtained using an X-ray photoelectron spec-
trometer (VG-ADES, England) operated at 150 W with monochromatised Al–Kα X-rays (hν = 1486.6 eV). The 
base pressure in the analytical chamber was ≈10−9 mbar. Narrow-region electron spectra were acquired with an 
analyser pass energy of 20 eV. Binding energies were calibrated against that of the C1s peak (284.6 eV). The fitting 
curves were obtained using Thermo Avantage software (version 5.976, Thermo Scientific, USA) with a Shirley 
background and a Gaussian–Lorentzian peak model.

conclusion
Erdite nanorods were synthesised via a facile hydrothermal method using MnO2 as an auxiliary reactant. 
Addition of MnO2 considerably promoted the formation of erdite nanorods through the efficient generation of 
NaOH from the disintegration of Na2S. The generated erdite nanorods exhibited a TC adsorption capacity higher 
than those of previously reported adsorbents. The formation of stable –NH3

+ groups between the hydroxyl group 
of Fe oxyhydroxide obtained from erdite hydrolysis and the –NH2 group in the TC side chain is the major TC 
adsorption mechanism of erdite.

Received: 28 July 2019; Accepted: 24 October 2019;
Published: xx xx xxxx

References
 1. Czamanske, G. K., Leonard, B. F. & Clark, J. R. Erdite, a new hydrated sodium iron sulfide mineral. American Mineralogist. 65, 

509–515 (1980).
 2. Lassin, A. et al. Estimated thermodynamic properties of NaFeS2 and erdite (NaFeS2.2H2O). Applied Geochemistry. 45, 14–24 (2014).
 3. Xiaobin, L. et al. Removal of S2− ion from sodium aluminate solutions with sodium ferrite. Transactions of Nonferrous Metals Society 

of China. 26, 1419–1424 (2016).
 4. Konnert, J. A. The crystal structure of erdite, NaFeS2.2H2O. American Mineralogist. 65, 516–521 (1980).
 5. Honma, H., Nakata, M. & Kobayashi, K. Formation Condition of Erdite in System FeCO3-NaHS Solution at 150 °C. Bulletin of Tokyo 

Gakugei University. 55, 39–44 (2003).

https://doi.org/10.1038/s41598-019-53420-x


1 1Scientific RepoRtS |         (2019) 9:16906  | https://doi.org/10.1038/s41598-019-53420-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

 6. Min, X. et al. Fe-FeS2 adsorbent prepared with iron powder and pyrite by facile ball milling and its application for arsenic removal. 
Water Science & Technology. 76, 192–200 (2017).

 7. Sciacca, B., Yalcin, A. O. & Garnett, E. C. Transformation of Ag nanowires into semiconducting AgFeS2 nanowires. Journal of the 
American Chemical Society. 137 (2015).

 8. Taylor, P. & Shoesmith, D. W. The nature of green alkaline iron sulfide solutions and the preparation of sodium iron(III) sulfide. 
NaFeS2. Canadian Journal of Chemistry. 56, 2797–2802 (1978).

 9. Zhu, S. et al. Hydrothermal synthesis of a magnetic adsorbent from wasted iron mud for effective removal of heavy metals from 
smelting wastewater. Environmental Science and Pollution Research. 25, 22710–22724 (2018).

 10. Kleinjan, W. E., de Keizer, A. & Janssen, A. J. Kinetics of the chemical oxidation of polysulfide anions in aqueous solution. Water 
Research. 39, 4093–4100 (2015).

 11. Feinman, S. E. & Matheson, J. C. Draft environmental impact statement: subtherapeutic antibacterial agents in animal feeds. 
Department of Health, Education, and Welfare, Public Health Service 34, 123–34 (1978).

 12. Hou, J. et al. The occurrence and fate of tetracyclines in two pharmaceutical wastewater treatment plants of Northern China. 
Environmental Science and Pollution Research. 23, 1722–1731 (2016).

 13. Geng, Z. et al. Comparing Polyethersulfone and Polyurethane-immobilized Cells of Comamonas testosteroni QYY in Treatment of 
an Accidental Dye Wastewater. Chemical Research in Chinese Universities. 33, 264–87 (2017).

 14. Wei, X. et al. Mixed pharmaceutical wastewater treatment by integrated membrane-aerated biofilm reactor (MABR) system–a pilot-
scale study. Bioresource Technology. 122, 245–23 (2012).

 15. China, M. o. E. a. E. o. Discharge Standards of Water Pollutants for Pharmaceutical Industry–Fermentation Products Category. (GB 
21903–2008).

 16. Sarmah, A. K., Meyer, M. T. & Boxall, A. B. A global perspective on the use, sales, exposure pathways, occurrence, fate and effects of 
veterinary antibiotics (VAs) in the environment. Chemosphere. 65, 725–759 (2006).

 17. Hoffmann, M. R. Kinetics and mechanism of oxidation of hydrogen sulfide by hydrogen peroxide in acidic solution. Environmental 
Science & Technology. 11, 133–32 (1977).

 18. Shen, H. et al. All-solid-state Z-scheme system of RGO-Cu2O/Fe2O3 for simultaneous hydrogen production and tetracycline 
degradation. Materials Today Energy. 5, 312–319 (2017).

 19. Priya, S. S. & Radha, K. V. A Review on the Adsorption Studies of Tetracycline onto Various Types of Adsorbents. Chem Eng 
Commun. 204, 821–839 (2017).

 20. Sharma, M. et al. ZnO tetrapods and activated carbon based hybrid composite: Adsorbents for enhanced decontamination of 
hexavalent chromium from aqueous solution. Chemical Engineering Journal. 358, 540–551 (2019).

 21. Gong, G. et al. Mechanism study on the photocatalytic efficiency enhancement of MoS2 modified Zn–AgIn5S8 quantum dots. Rsc 
Advances. 6, 99023–99033 (2016).

 22. Luo, B. et al. Characterization and photocatalytic activity of Bi3TaO7 prepared by hydrothermal method. Journal of Solid State 
Chemistry. 256, 203–212 (2017).

 23. Shen, H. et al. All-solid-state Z-scheme system of RGO-Cu2O/Bi2O3 for tetracycline degradation under visible-light irradiation. 
Chemical Engineering Journal. 313, 508–517 (2017).

 24. Hong, Y. et al. Promoting visible-light-induced photocatalytic degradation of tetracycline by an efficient and stable beta-Bi2O3@g-
C3N4 core/shell nanocomposite. Chemical Engineering Journal. 338, 137–146 (2018).

 25. Li, D. et al. Graphene-Sensitized Perovskite Oxide Monolayer Nanosheets for Efficient Photocatalytic Reaction. Advanced Functional 
Materials. 28, 1806284 (2018).

 26. Tomer, V. K. et al. Superior visible light photocatalysis and low-operating temperature VOCs sensor using cubic Ag (0)-MoS2 loaded 
g-CN 3D porous hybrid. Applied Materials Today. 16, 193–203 (2019).

 27. Park, S. J. et al. Visible-light photocatalysis by carbon-nano-onion-functionalized ZnO tetrapods: degradation of 2, 4-dinitrophenol 
and a plant-model-based ecological assessment. NPG Asia Materials. 11, 88–23 (2019).

 28. Sharma, M. et al. Efficient oil removal from wastewater based on polymer coated superhydrophobic tetrapodal magnetic 
nanocomposite adsorbent. Applied Materials Today. 17, 130–141 (2019).

 29. Zhao, Y. et al. Adsorption of tetracycline (TC) onto montmorillonite: cations and humic acid effects. Geoderma. 183, 12–18 (2012).
 30. Ahmed, M. J. Adsorption of quinolone, tetracycline, and penicillin antibiotics from aqueous solution using activated carbons: 

Review. Environ Toxicol Phar. 50, 1–10 (2017).
 31. Song, Z., Y.-L. Ma & C.-E. Li. The residual tetracycline in pharmaceutical wastewater was effectively removed by using MnO2/

graphene nanocomposite. Science of the Total Environment. 651 (2019).
 32. Huijuan et al. Removal of tetracycline from water by Fe-Mn binary oxide. Journal of Environmental Sciences. 24, 242–247 (2012).
 33. Mirabella, F., Johnson, R. L. & Ghijsen, J. Photoemission investigations of manganese thin films deposited on GeS(001) surfaces. 

Surface Science. 506, 172–182 (2002).
 34. Padhy, S. K. et al. Electrodeposition of manganese metal from sulphate solutions in the presence of sodium octyl sulphate. 

Hydrometallurgy. 165, 73–80 (2016).
 35. Crowe, D. & Tromans, D. High-Temperature Polarization Behavior of Carbon Steel in Alkaline Sulfide Solution. Corrosion. 44, 

142–148 (1998).
 36. Boon, J. W. & Gillavry, C. H. M. The crystal structure of potassium thioferrite KFeS2 and sodium thiochromite NaCrS2. Recueil des 

Travaux Chimiques des Pays-Bas. 61, 910–920 (2015).
 37. Taylor, P. & Shoesmith, D. W. The nature of green alkaline iron sulfide solutions and the preparation of sodium iron(III) sulfide, 

NaFeS2. Canadian Journal of Chemistry. 56, 2797–2802 (1978).
 38. Mauger, A. et al. Exchange interactions in the quasi-linear-chain antiferromagnet KFeS2. Physical Review B Condensed Matter. 30, 

5300–5305 (1984).
 39. Tiwary, S. K. & Vasudevan, S. Regular versus alternating (FeS4)(n) chains: Magnetism in KFeS2 and CsFeS2. Physical Review B. 56, 

7812–7814 (1997).
 40. Fuseler, K. & Cypionka, H. Elemental sulfur as an intermediate of sulfide oxidation with oxygen byDesulfobulbus propionicus. 

Archives of Microbiology. 164, 104–109 (1995).
 41. Herszage, J. & M. dos Santos, A. Mechanism of hydrogen sulfide oxidation by manganese (IV) oxide in aqueous solutions. Langmuir. 

19, 9684–9692 (2003).
 42. Steudel, R. Mechanism for the formation of elemental sulfur from aqueous sulfide in chemical and microbiological desulfurization 

processes. Industrial & Engineering Chemistry Research. 35, 1417–1423 (1996).
 43. Luther, G. W. et al. Thermodynamics and kinetics of sulfide oxidation by oxygen: a look at inorganically controlled reactions and 

biologically mediated processes in the environment. Frontiers in microbiology. 2, 62 (2011).
 44. Luther, G. The frontier-molecular-orbital theory approach in geochemical processes. In Aquatic Chemical Kinetics: Reaction Rates of 

Processes in Natural Waters. 1995, 173–198 (1995).
 45. Valeika, V., Beleska, K. & Valeikienė, V. Oxidation of sulphides in tannery wastewater by use of manganese [IV] oxide. Polish Journal 

of Environmental Studies. 15, 623–629 (2006).
 46. Ding, J. et al. Optimal hydrothermal synthesis, characterization, and sensor application of sulfur-doped γ-MnOOH microrods. Rsc 

Advances. 5, 80719–80727 (2015).

https://doi.org/10.1038/s41598-019-53420-x


1 2Scientific RepoRtS |         (2019) 9:16906  | https://doi.org/10.1038/s41598-019-53420-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

 47. Baral, A. et al. Probing Environmental Remediation of RhB Organic Dye Using α-MnO2 under Visible- Light Irradiation: Structural, 
Photocatalytic and Mineralization Studies. ChemistrySelect. 2016. 1, 4277–4285 (2016).

 48. Gao-Sheng, Z. et al. Removal mechanism of As(III) by a novel Fe-Mn binary oxide adsorbent: oxidation and sorption. Environmental 
Science & Technology. 41, 4613–9 (2007).

 49. Ardizzone, S., Bianchi, C. L. & Tirelli, D. Mn3O4 and γ-MnOOH powders, preparation, phase composition and XPS characterisation. 
Colloids and Surfaces A: Physicochemical and Engineering Aspects. 134, 305–312 (1998).

 50. Biswal, A. et al. Dual effect of anionic surfactants in the electrodeposited MnO2 trafficking redox ions for energy storage. Journal of 
The Electrochemical Society. 162, A30–A38 (2015).

 51. Albohani, S., Sundaram, M. M. & Laird, D. W. Egg shell membrane template stabilises formation of β-NiMoO4 nanowires and 
enhances hybrid supercapacitor behaviour. Materials Letters. 236, 64–68 (2019).

 52. Liu, H. et al. Removal of tetracycline from water by Fe-Mn binary oxide. Journal of Environmental Sciences. 24, 242–247 (2012).
 53. Tessier, A. et al. Metal sorption to diagenetic iron and manganese oxyhydroxides and associated organic matter: Narrowing the gap 

between field and laboratory measurements. Geochimica Et Cosmochimica Acta. 60, 387–404 (1996).
 54. Lv, J. et al. Molecular-Scale Investigation with ESI-FT-ICR-MS on Fractionation of Dissolved Organic Matter Induced by Adsorption 

on Iron Oxyhydroxides. Environmental Science & Technology. 50, 2328–2336 (2016).
 55. Ams, D. A. et al. Experimental Measurements of the Adsorption of Bacillus subtilis and Pseudomonas mendocina Onto Fe-

Oxyhydroxide-Coated and Uncoated Quartz Grains. Geomicrobiology Journal. 21, 511–519 (2004).
 56. Cummins, D. R. et al. Iron sulfide (FeS) nanotubes using sulfurization of hematite nanowires. Nano Letters. 13, 2423–2430 (2013).
 57. Zhu, S. et al. A novel conversion of the groundwater treatment sludge to magnetic particles for the adsorption of methylene blue. 

Journal of Hazardous Materials. 292, 173–179 (2015).
 58. Liu, J. et al. Synthesis and characterization of a magnetic adsorbent from negatively-valued iron mud for methylene blue adsorption. 

Plos One. 13, 0191229 (2018).
 59. Li, Y. & Zhang, F. S. Catalytic oxidation of Methyl Orange by an amorphous FeOOH catalyst developed from a high iron-containing 

fly ash. Chemical Engineering Journal. 158, 148–153 (2010).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grant Nos. 51578118, 51678273, 
51878133 and 51878134) and the Science and Technology Program of Jilin Province (Grant No. 20190303001SF).

Author contributions
Suiyi Zhu and Wei Fan designed the study. Yang Yu and Zhihua Wang collated the data. Yanwen Liu, Yu Chen and 
Huo Yang conducted the experiments and analysed the data. Suiyi Zhu and Qu Zhan wrote the manuscript. Juwei 
Peng and Zhaofeng Wang completed the supplementary experiments. All authors provided comments, read and 
approved of the final manuscript.

competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.F. or J.P.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-53420-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Addition of MnO2 in synthesis of nano-rod erdite promoted tetracycline adsorption
	Results and Discussion
	Materials and Methods
	Synthesis of erdite nanorods. 
	TC adsorption by the erdite nanorods. 
	Characterisation of the erdite nanorods. 

	Conclusion
	Acknowledgements
	Figure 1 SEM images of erdite particles synthesised at Mn/Fe molar ratios of (A) 0, (B) 0.
	Figure 2 XRD spectra of erdite particles synthesised at Mn/Fe molar ratios of (P0) 0, (P0.
	Figure 3 SEM images of erdite particles synthesised at a Mn/Fe molar ratio of 1.
	Figure 4 XRD pattern of erdite particles synthesised at a Mn/Fe molar ratio of 1.
	Figure 5 High-resolution (A) S 2p, (B) Fe 2p and (C) Mn 2p XPS spectra of P0, P0.
	Figure 6 Linear fitting of the (A) Langmuir, (B) Freundlich, (C) D–R and (D) Tempkin isotherms to describe the adsorption of TC on the prepared erdite particles.
	Figure 7 (A) Adsorption capacities of TC by P0.
	Figure 8 XRD spectra of P0 and P0.
	Figure 9 High-resolution (A) S2p, (B) Fe 2p, (C) Mn 2p and (D) N 1s XPS spectra of P0 and P0.
	Figure 10 Illustration of TC adsorption by erdite particles.
	Figure 11 Flow chart of the synthesis of erdite particles.
	Table 1 Parameters and regression coefficients (R2) of the isotherm models.




