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Abstract

It is expected that during a titration using a basic NaOH solution, the pH can only

increase. In this article the formation of two different solids during the precipitation of a

MnSO4 solution is discussed. The formation of a new compound Mn4(OH)6SO4 · nH2O

instead of Mn(OH)2 is evidenced by the quantification of the remaining ions in solution

as well as by X-Ray Diffraction, Raman and infrared spectroscopies. The transforma-

tion of this solid into Mn(OH)2 after a sursaturation of the solid in OH– can explain

a drop of the pH in the titration curve.

Introduction

The product expected through the basification of a Mn2+ solution is Mn(OH)2
1,2 even if

some salt incorporating sulfate and hydroxide anions are observed experimentally through

the basicification of solutions prepared from MnSO4 ·H2O salt, as mentioned by Zhao et

al.3 and Zhang et al.4 This solid is Mn9(OH)14(SO4)2 ·H2O but is never observed alone,
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often associated with pyrochroite Mn(OH)2 and more oxidised form of manganese (Mn3O4).

With hydrothermal treatment, it is possible to produce other salt combining manganese,

hydroxide and sulfate, like Mn3(OH)2(SO4)2 · (H2O)2
5 and Mn2(OH)2SO4.

6 Mn5(OH)8SO4

that were produced by slow precipitation using cyclohexyl amine. These basic salts are cited

for applications such as pulp bleaching.3,4

Table 1: Manganese sulfate basic salts salts

R Salt formula Ref
0.75 Mn3(OH)2(SO4)2 · (H2O)2

5

0.75 Mn3(OH)2(SO4)2 · (H2O)2 ·K2SO4
7

1 Mn2(OH)2SO4
6

1.5 Mn4(OH)6(SO4) This work
1.55 Mn9(OH)14(SO4)2 ·H2O

3,4

1.6 Mn5(OH)8SO4
8

According to Pattanayak and coworkers,9 the oxidation products of solids obtained

through the basicification of a MnSO4 solution is Mn3O4 if the pH of the solution is 9

whereas the solid obtained at pH = 13 is oxidised into Mn2O3. It is possible that the solid

obtained at pH = 9 is not the same as the one obtained at pH =13. The influence of the

quantity of base on the precipitation is studied using two different basic salts, MnCl2 or

MnSO4. Both were precipitated using a NaOH. It appears that a new solid, with the for-

mula Mn4(OH)6SO4 · nH2O is obtained from the sulfate manganese salt until the addition of

1.5 OH– molecule per Mn2+ cation. XRD, Raman and IR studies indicate that this solid is

different from Mn(OH)2 or other known manganese sulfate basic salts.

This solid could be used for environmental purposes, such as denitrification, hydrogen

peroxide decomposition but also to better understand the oxidation of Mn2+ in natural

waters.2

The precipitation of this solid is associated with a peculiar acid-base titration curve with

pH as a function of the quantity of OH– added. These curves can have various shapes,

depending on the strength, concentration of the acidic molecules as well as the multiplicity

of protons that can be released by each molecule. For an homogeneous solution, it should be
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shaped like a sigmoid with inflexions points expected at the equivalence points. Precipitation

adds some complexity to the curves, because it adds a new constraint as long as the solid

exists.10

It is expected that during a titration using a basic NaOH solution, the pH can only in-

crease. However, a small drop of the pH during metallic ions titration with NaOH is reported

as the consequence of a sursaturation of the solution prior to the precipitation.10 Here, the

precipitation of Mn4(OH)6SO4 · nH2O and its transformation into Mn(OH)2 triggers a drop

in the pH curves as the quantity of aqueous OH– ions reacting with the basic salt is larger

than the quantity added at each step from the burette.

Results and discussion

50 mL of a 0.4 mol.L−1 MnCl2 or MnSO4 solution are poured in the isotherm titration flask

of an automated titrator at 18◦C. Initial pH is 5.5, as expected, because Mn2+ is surrounded

by 18 water molecules, creating a cluster with a pKa equals to 10.6.11

Figure 1: Titration curve of MnCl2 and MnSO4 solutions as a function of R = n(OH−)
n(Mn2+)

The titration curves for two different Mn salts are shown on Figure 1. pH is plotted

as a function of R = n(OH−)
n(Mn2+)

indicating the amount of hydroxide ion added in the solution
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compared to the initial amount of manganese.

The solutions with MnCl2 follows a classical basic precipitation curve. During the ad-

dition of sodium hydroxide over the manganese solutions, a white solid precipitates. The

apparition of a precipitate is linked with an angular point as it is related to a new constraint

driving the variation of the pH, the precipitation plateau.10 The solubility constant KS =

[Mn2+][OH– ]2 is calculated to be 4 x 10−12± 1 x 10−12 using the pH value and the expected

concentration for various R. This is larger than the reported one at 18◦C (9x10−13)12 as

the precipitation occurs in a solution containing chloride ions and not in pure water.13 A

very small pH local maximum is observed very close to R = 0, reaching a value of 8.53 and

decreasing after until reaching 8.47. This local maximum was already observed for the pre-

cipitation of Zn(OH)2, and explained by Eggermont et al.: to initiate precipitation, stable

nuclei need to form and this requires an amount greater than the theoretical amount of OH–

needed to initiate precipitation. A quick addition of NaOH creates a small heterogeneity

in the concentration allowing this precipitation, but with a completely homogeneous solu-

tion, the precipitation can be avoided until an excess of NaOH exist in the whole solution.

This phenomenon can be compared to the supercooling of liquid.14 According to X-Ray

Diffraction, this solid is Mn(OH)2 for all R values in agreement with the literature,15 the

co-precipitation with Cl is only achieved under harsh temperature and pression conditions.16

A final increase of the pH is observed for R = 1.96 as the quantity of aqueous manganese in

the solution decreases. The small difference with the theoretical R = 2 value for Mn(OH)2

is perhaps linked with the fact that, even with nitrogen bubbling, a small proportion of

manganese is oxidised (see figure S2 and associated text). Interestingly a similar titration

curve is obtained for Mn(NO3)2 solution as well as for MnCl2 solution (results not shown).

The titration curve for MnSO4 solution is different. First, the precipitation occurs for

slightly lower pH (8.42) and therefore a smaller sursaturation. But the main difference is a

very reproducible experimental cusp for R = 1.53 and pH = 10.13. This cusp is unchanged

with bigger or smaller increments or with a slower or quicker addition of the NaOH solution,
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as long as the addition increment is lower than 0.05 mL (a larger addition leads to brutal

changes for the stability of the pH for R values above 1.5). The cusp is not a simple kinetic

artefact: if the titration is stopped at R = 1.5, the pH is stable during hours as long as the

solution is kept under nitrogen bubbling.

To understand this titration curve, we analysed the remaining quantities of aqueous

cations and anions in solution for the the MnSO4 salt. Quantities are indicated on Figure 2

and were measured with Inductively Coupled Plasma (aqueous Mn species) and ionic chro-

matography (SO 2–
4 ). Solid line show the theoretical quantities in solution for the production

of pyrochroite Mn(OH)2 (eq 1). If the precipitate is Mn(OH)2, the quantity of sulfate in

solution should not be affected.

Mn2+(aq) + 2OH−(aq) −−→ Mn(OH)2(s) (1)

Figure 2: Soluble Mn (black circles) and SO 2–
4 (green triangles), from ICP-MS measurement

and ionic chromatography respectively, for a MnSO4 solution as a function of the R ratio.
Error bars for Mn are smaller than the mark (0.1 mmol). Solid lines for the quantitative
formation of Mn(OH)2, dotted lines for the formation of Mn4(OH)6SO4, and dashed lines
for the one of Mn9(OH)14(SO4)2 ·H2O

Dotted lines show the theoretical quantities in solution if a basic salt with the composition

Mn9(OH)14(SO4)2 ·H2O precipitates, dotted line for the one of Mn4(OH)6SO4 (eq 2). One
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should note that the proposed composition omits any additional water molecules inserted in

the structure of this basic salt (i.e. the formula should have been written Mn4(OH)6(SO4) · n(H2O)

with n the number of water molecules associated with the salt).

4Mn2+(aq) + SO 2−
4 (aq) + 6OH−(aq) −−→ Mn4(OH)6(SO4)(s) (2)

Results shown in Figure 2 suggest that the latter solid is produced. The formation of

several different salts leading together to the precipitation of similar amounts of Mn and

SO 2–
4 ratio cannot be excluded. Nevertheless, the solid obtained for R = 1.5 shows close

EDS spectra when taking spectra 2 µm apart from each others, then the solid appears

homogeneous at this scale.

This solid, obtained at R = 1.5, was not described previously in the literature. Its R

ratio is however close to the Mn9(OH)14(SO4)2 ·H2O ratio (1.55) described by Zhang4 and

Zhao3 (see table 1).

From the pH values (Figure 1) and the concentrations (Figure 2), the solubility constant

KS of the Mn4(OH)6(SO4) solid was determined in the order of magnitude of 10−36.

X-ray diffraction of the solids with various R values obtained from MnSO4 solution were

shown on Figure 3. In agreement with the literature, for R = 2, a single pyrochroite Mn(OH)2

phase is obtained. For R = 1.5, the diffractogram is more complex, and broad peaks of

pyrochroite with a small intensity appear along shaper peaks. There is no match for the

later with the ICDD database. The structure is in agreement with a trigonal or hexagonal

lattice and with the following parameters: a = 8.7227 Å and c = 14.8686 Å. Tables S1 and

S2 show the attribution of the XRD peaks in those structures. It is interesting to note that

the volume of the hexagonal or trigonal cell of the new structure is close to half of the one

of Mn9(OH)14(SO4)2 ·H2O (rhombohedral) with a = 8.626 Å and c = 29.200 Å.

The characterization of the solid is always performed on the wet sample. Drying the R =

1.5 sample under nitrogen flow leads to a different diffractogram (SI Figure S3) with some re-

maining peaks of the previously described structure as well as peaks of Mn9(OH)14(SO4)2 ·H2O
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Figure 3: XRD patterns of the wet solids obtained from MnSO4 solution after the addition
of OH– for R from 0.5 to 2. Stars depict the position and intensities reported for py-
rochroite Mn(OH)2 (JCPDS 01-073-1604), Cross depict the position and intensities reported
for Mn9(OH)14(SO4)2 ·H2O (JCPDS file 00-018-0788). Samples were covered with glycerol
which explains the bump around 2θ = 20◦
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(JCPDS file 00-018-0788) and some of the remaining Na2SO4 solid. As the solid is stable only

in wet environment, one cannot therefore determine the number of water molecules within

the molecular formula without a complete description of the structure, for instance with

Rietveld refinement of the XRD data. This characterization is out of scope of this article.

The proximity of the chemical compositions of Mn4(OH)6(SO4) and Mn9(OH)14(SO4)2 ·H2O

can be helpful for this task. Indeed, the cristallographic cell of Mn9(OH)14(SO4)2 ·H2O is

close to two cells of Mn4(OH)6(SO4) joined together.For lower R values, the diffractograms

show that a solid containing Mn9(OH)14(SO4)2 ·H2O is produced.

In addition to the measurements on figure 2, a confirmation of the transformation in

the solid for R above 1.5 is the infrared measurements (FTIR) of the damp solids through

attenuated total reflexion (ATR) after centrifugation. SI Figures S4 and S5 show that in

addition of the O-H stretching (3300 cm−1) and H2O bending (1636 cm−1) modes, the R

= 1.5 sample absorbs the IR light at 1080 and 1119 cm−1, which is typical for the sulfate

ions.17 This is not the case for the solid obtained at R = 2. This result indicates that sulfate

ions are eliminated.

Another confirmation arise form the Raman spectra obtained for solid with R between

0.5 and 2 (SI Figure S6). The two emission peaks at low frequencies (529 and 459 cm−1)

observed for the three solids R = 0.5, 1 and 1.5, shift to lower wavenumbers (504 and 406

cm−1) for the solid obtained at R =2. Few studies report Raman spectra of pyrochroite

as this material is easily transformed into Mn3O4 under laser radiation. However, it has a

brucite-like structure with a Mn-OH A1g vibration Raman active at 401 cm−1 according to

Lutz and coworkers.18 Unfortunately, their study does not look at the vibrations above 450

cm−1. However, the typical brucite structure has three main peaks, one with a Eg symmetry

and two with a A1g symmetry, the 504 cm−1 could be the Eg peak as expected for this kind of

structure.18 Beside, concerning the vibration attributed to the sulfate anion, the intensity of

the ν1 vibration (around 1000 cm−1) of the sulfate anion on the R = 2 sample is much lower

than for R = 0.5, 1 and 1.5. The remaining 983 cm−1 vibration is typical for the Na2SO4
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compound.19 The wet sample dries during the Raman experiment which can explain the

presence of this solid. This indicates that, as seen in IR, the sulfate ions are not inserted

within the structure of the solid.

The formula of the solid obtained for R = 1.5 is Mn4(OH)6SO4 · nH2O. pH at this point

is above 10, which is quite over the pH observed for the titration of the MnCl2 solution (see

Figure 1). This is because the quantity of Mn remaining in solution is very low (6.5x10−6

mol.L−1 according to ICP measurement) and therefore, for the same solubility constant,

the OH– concentration has to rise up. At that point, XRD shows some badly cristallized

Mn(OH)2 particles. As the pH increase, the stability of this Mn(OH)2 particle over the

basic sulfate manganese salt increases. The formation of Mn(OH)2 triggers a drastic pH

change when R is higher than 1.5. Indeed, according to equation 3, an aqueous Mn release

is evidenced at R = 1.75 by ICP-MS. The metallic cation reacts then quickly with the

hydroxide ions according to equation 1 leading to the decrease of the pH observed during

the titration. Reactions 3 and 1 consume more hydroxide than the amount added from the

burette, leading to the drop in the pH.

Mn4(OH)6(SO4)(s) −−→ 3Mn(OH)2(s) + Mn2+(aq) + SO 2−
4 (aq) (3)

The overall reaction 4 has an equilibrium constant equal to 4.109 as calculated from the

constants for reaction 1 and 3, which mean that a pH higher than 8.9 is needed to trigger

the reaction. This may explain why this transformation does not occur for low R values. As

for the nucleation, a sursaturation of the solution in OH– can be necessary to initiate this

transformation.

Mn4(OH)6(SO4)(s) + 2 HO−(aq) −−⇀↽−− 4Mn(OH)2(s) + SO 2−
4 (aq) (4)
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Conclusion

The precipitation of a novel Mn basic salt with the formula Mn4(OH)6SO4 · nH2O is evidenced

by quantification of the remaining ions in the solution as well as with XRD, Raman and IR

spectroscopy. Upon drying, this solid is partially transformed into Mn9(OH)14(SO4)2 ·H2O.

During the titration of MnSO4 solution, the synthesis of this solid requires less hydroxides

ions than the pyrochroite Mn(OH)2, which leads to a sursaturation of the solution in OH–

up to a ratio R = n(OH– )/n(Mn2+) about 1.5. Then, upon NaOH addition, Mn4(OH)6SO4

is transformed into Mn(OH)2, capturing more hydroxide ions than the one added by the

burette, leading to a drop of the pH. This explain how we can get a drop of the pH while

adding NaOH.

Experimental section

Titration

The titration was performed with a 50 mL of a MnSO4·H2O (Sigma Aldrich, ≥99%) solution

(0.4 mol.L−1) in a refrigerated flask at 18◦C with a variable volume of a 1 mol.L−1 NaOH

(VWR 31627.290) to reach the desired R value (R = n(OH−)
n(Mn2+)

) under stiring and nitrogen

bubling. The NaOH solution is added with very small steps (0.01 mL) and a waiting time

allowing the stabilisation (drift smaller than 20 mV/min or at least 10 s). The pH was

registered with a Metrohm pH electrode Unitrode with Pt1000 and a Toledo Inlab redox

electrode.

Characterization

Characterization of the solid was performed on fresh wet solid shortly after preparation.
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ICP-MS

Released manganese concentrations in the solution were measured by Inductively Coupled

Plasma Mass Spectroscopy (ICP-MS Agilent-7800). 100 µL of the supernatant solution after

centrifugation was diluted in 100 mL with water. The calibration curve in the range 50 to

2000 ppb has been established from Sigma-Aldrich 74128 samples. The detected isotopes

was 55Mn.

Ionic chromatography

Sulfate concentration was determined by ion chromatography. Analysis were performed with

a Metrohm 882 Compact IC plus instrument equipped with chemical (Metrohm suppressor

MSM II) and sequential (Metrohm CO2 suppressor MCS) suppressors and a conductimetric

detector. The eluent (1.8 mmol.L−1 Na2CO3 and 1.7 mmol.L−1 NaHCO3 solution) flowed

continuously through a Metrosep A Supp 4 - 250/4.0 column associated with a guard col-

umn (Metrosep A supp 4/5 guard). Standards solutions were prepared from a commercial

1000 µg.mL−1 anions (Merck 1.11448.0500). The flow rate and the injected volume were

respectively 1 mL.min−1 and 20 µL.

XRD

The products were measured soon after the synthesis and the centrifugation. XRD diffrac-

tograms were recorded either on wet or dried samples. For wet samples, excess of water

was removed by pressing the water soaked paste between tissues. The resulting paste was

measured on an approximately 10 µm thick zero background X-ray holder covered with a

minimal amount of glycerol to protect the paste from air oxidation, as the compounds were

known to be air sensitive. The x² Multiple (at least 15) 1h X-ray scans were collected, and

the diffractograms did not show any sign of evolution, the multiple scans were summed up

for better X-ray statistics.

Powder X-ray diffraction patterns were recorded with a Panalytical X’Pert Pro MPD
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diffractometer in reflection geometry using a tube with Cu radiation (Kα1 = 1.5406 Å), a

Ge(111) incident-beam monochromator, 0.02 rad Soller slits, programmable divergence and

antiscatter slits (the irradiated area was fixed to 10 mm x 10 mm), and an X’Celerator

detector. Data were collected from finely ground samples with a sample holder spinner and

continuous rotation of sample to improve statistical representation of the sample.

Vibrational spectroscopies

• Infrared IR measurements of the wet solids were recorded under nitrogen flow in a

Attenuated Total Reflectance mode on a Bruker Tensor 27 spectrometer equipped with

a KBr beam splitter and a deuterated triglycine sulfate (DTGS) thermal detector.

Spectra were recorded and processed using OPUS 7.5 software (Bruker, Karlsruhe,

Germany).

• Raman 10 µL sample were collected, centrifugated and the wet sample were deposited

over a aluminium plate and inserted into the spectrometer. Then Raman spectra were

collected on a Renishaw inVia™Qontor ®microspectrometer equipped with a confocal

microscope and an Olympus X50 objective (N.A = 0.55). A 532 nm exciting radiation

was used with a laser power below 0.05 mW for all samples to prevent their degradation.

The spot area was of few µm2. Several locations were probed on each sample. The

spectral resolution was about 4 cm−1 and the precision on the wavenumber was lower

than 1 cm−1.
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