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Thermodynamic assessment results

ABSTRACT: Steel pickling wastewater contains valuable iron. Nonetheless, coexisting elements such as Mn need to be separated
before Fe recovery. This work studies Mn precipitation phenomena under a pH resembling steel pickling wastewater and compares it
to that of Fe under the same conditions. A neutralization—oxidation approach was studied, whereby either NaOH or NH; were used
as neutralizers and O; was the oxidizer. A thermodynamic assessment indicated that NaOH is more effective than NH; for
precipitation because Mn can react freely with O; after NaOH addition, whereas NH; may react with O; instead. Experimental data
showed that neutralization followed by oxidation results in the formation of different Mn oxides, with NaOH confirmed as the most
effective neutralizer. Moreover, XRD and XANES analyses showed that the Mn oxidation state in the solids depends on the
neutralizer used. Conversely, Fe precipitation was thermodynamically and experimentally observed to depend entirely on pH, with
NaOH being a better neutralizer than NH;, and pH = 1.5 being the maximum pH where Fe remains dissolved. These insights
suggest that using a neutralization—oxidation method that increases the oxidation potential high enough for Mn oxidation while
keeping the pH low enough for Fe to remain dissolved could be an effective approach for the selective precipitation of Mn from steel
pickling wastewater.

1. INTRODUCTION cleaning “baths” employing acids such as HNO;, H,SO,, HCI,
and HF, depending on the composition of the target
product.”’

This process generates large amounts of highly acidic
wastewater, as the pickling bath can only be used a limited
number of times before turning into a byproduct. Nonetheless,
this wastewater usually contains several dissolved ions such as
Fe?*, Fe¥, Cr’*, Ni**, Zn?, Mn>', etc, which exceed the
maximum limits set by regulations and thus constitute a heavy

The steel industry is one of the largest industries worldwide,
with production quantities surpassing 1800 Mt per year in
2020."* Due to the large volume and high demand, steel
production generates large amounts of contaminants, such as
dust, sludge, slag, and others.>* Hence, steel manufacturers are
looking for ways to minimize their environmental impact by
improving the treatment methods of the waste streams released
during their operations in order to increase their recyclability.’
The steel pickling process refers to a surface treatment
directed at the removal of rust, scale, and unwanted oxides Received: February 20, 2025
formed on the exterior layer of steel pieces, and is an industrial Revised:  April 10, 2025
method that has a substantial environmental footprint.”®’ Accepted:  April 17, 2025
Steel pickling is usually carried out by first cleaning the steel Published: April 25, 2025
pieces mechanically and then cleaning their surface using the
pickling process proper, where steel pieces are immersed in
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environmental burden.'””"® Hence, performing a suitable
treatment process for pickling wastewater would not only
reduce the impact of the acid used but also be economically
attractive for the steelmaking industry, as element recovery
from wastewater could significantly reduce costs. In this regard,
several studies have attempted to treat spent pickling liquors
and separate the metallic elements (i.e., Zn, Cr, Mn, etc.) in
order to obtain a concentrated acid solution containing only
iron (Fe) ions. Afterward, this Fe-rich solution could be
processed further to recover iron and recycled acid
separately.'* Thus, techniques like selective precipitation,
membrane separation, diffusion dialysis, and solvent extraction,
among others, can be found in the literature.">™*°

However, there is a lack of research conducted on the
treatment of acid pickling wastewater specifically containing
manganese (Mn), even though significant amounts of Mn can
be found in certain steel wastewaters.”" In this case, the typical
approaches for manganese removal using direct alkaline
precipitation”” or adsorption”’ may not be suitable due to
the special characteristics of pickling wastewater. For instance,
conventional alkaline precipitation will likely require a large
amount of reagents for complete neutralization of highly acidic
wastewater and will also have poor selectivity, as raising the pH
inadequately would result in the formation of unwanted iron
hydroxides. Similarly, the adsorption of Mn from pickling
wastewater will be challenging not only because Mn**
adsorption in the presence of large amounts of acid is rather
limited®* but also because any adsorbent material could be
easily degraded at such low pH values.

On the other hand, the oxidation method for Mn>" is a
promising alternative, since it is well-known that Mn** can
react with several oxidants under a wide range of pH
conditions and precipitate various types of manganese oxides
very efficiently.”>*® This is because Mn>* and Mn>* oxides are
very chemically active chemically, with the kinetically favored
autocatalytic Mn*" oxidation reaction readily taking place on
their surface.”” ™ Then, if the medium conditions are
controlled, the addition of an oxidant to an Mn?* solution
would initiate the in situ formation of highly active Mn oxides
(ie, MnO, and Mn;0,), which in turn will trigger the
autocatalytic Mn?* reaction and cause more Mn to oxidize. To
achieve the conditions required for Mn** precipitation, ozone
(O;) can be utilized due to its high oxidation abilities. O, is
also attractive because it has been utilized in different industrial
wastewater applications to remove contaminants and for
resource recovery.”’ >~ However, using O, for the selective
precipitation of manganese oxides under highly acidic
conditions has been sparsely studied,” and the details of O,
oxidation under conditions similar to steel pickling wastewater
have not yet been thoroughly elucidated.

Therefore, the present research work focuses on studying a
method involving neutralization followed by O; oxidation, in
order to selectively precipitate Mn under conditions similar to
those found in steel pickling wastewater (i.e., highly acidic).
For this purpose, thermodynamic analyses and laboratory
experiments were carried out for single systems where Mn and
Fe are present independently, in order to gain an under-
standing of their respective behavior when subjected to the
aforementioned neutralization—oxidation method. Subse-
quently, a mechanism for the phenomena occurring within
each system is proposed. Lastly, the potential application for
the selective precipitation of Mn from spent pickling

wastewater is discussed based on the chemical insights
obtained for each individual case.

2. MATERIALS AND METHODS

2.1. Thermodynamic Assessment of Systems Con-
taining Individual Mn and Fe. A thermodynamic assess-
ment was carried out for simulated systems resembling steel
pickling wastewater using HCI as the acid (initial pH & —0.6,
[CI"] concentration ~4 M) containing either Mn or Fe
individually. The Mn single system contained a Mn?*"
concentration close to 1000 mg/L (approximately 0.018 M)
as dissolved MnCl,, whereas the Fe single system contained an
Fe®* concentration close to 75000 mg/L (approximately 1.34
M) as dissolved FeCl,. Afterward, the addition of either NaOH
or NH; was considered in these simulated systems in order to
understand the effects of neutralization to a final pH of 0.5, 1.0,
and 1.5, respectively. Additionally, oxidation with O; for each
individual system was assumed to start from a conventional
value (Eh ~ 0.75 V) and reach the maximum water oxidation
potential allowed at equilibrium under each pH condition. The
above-mentioned assessment was performed using the SPANA
software for geochemical calculations,”* and several Eh—pH
diagrams were prepared in order to develop insights into the
chemical speciation of Mn and Fe under simulated conditions.
For the sake of clarity, the concentrations used in these
calculations are summarized in Table 1.

Table 1. Concentration of Chemical Species Used for the
Eh—pH Diagrams

pH of solution

Parameter 0.5 1.0 1.5 Details
CI™ concentration (M) 4.0 4.0 4.0 Initial HCI content
(15%)
Mn?** concentration 0.018 0.018 0.018  For Mn single
(M) system
Fe®* concentration (M)  1.34 1.34 1.34 For Fe single system
Neutralizer 3.68 3.90 3.96 For both NaOH and
concentration (M) NH;

2.2. Experimental Neutralization—Oxidation of the
Mn Single System and Fe Single System. 2.2.1. Mn Single
System. First, a solution containing approximately 1000 ppm
of Mn** was prepared using MnCl,, regulated to a highly acidic
environment (pH ~ —0.6) using HCI to simulate the raw
conditions found in steel pickling wastewater (approximately
HCI concentration & 15 wt %). Afterward, 300 g of this
solution was neutralized using either NaOH (48 wt %) or NH,
(28 wt %). In the case of NaOH, the solution was added slowly
(approximately 15 g/min) until a final pH of 0.5, 1, and 1.5
was attained. Similarly, in the case of NHj, the solution was
added at around 15 g/min until the final pH achieved was 0.5
and 1.5. In both cases, after the desired pH had been obtained,
the addition of an oxidizing agent (O, gas) to the system was
started. For this purpose, a local ozone generator (ED-OG-
RC12GC, EcoDesign Inc., Saitama, Japan) was used to bubble
the O; gas at a dose equal to 1 L/min. Once the ozone
bubbling had started, the oxidation took place, and samples
were taken at different time intervals in order to analyze the
elemental concentration in the liquid via ICP analysis (ICAP
6500 Duo, Thermo Fisher Scientific, Waltham, MA, USA). In
addition, sample aliquots taken over time using either NaOH
or NH; were retrieved, filtered using a 0.45 ym filter, washed
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Figure 1. Eh—pH diagram for the simulated Mn single system. The boldface X in the diagram represents the starting point under highly acidic
conditions (pH =~ —0.6), and symbols (A), (B) and (C) represent the conditions after neutralization to pH values of 0.5, 1.0, and 1.5, respectively.
The vertical arrows indicate the increase in oxidation potential due to O; addition. (a) Using NaOH as a neutralizer, (b) using NH; as a neutralizer.
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Figure 2. Eh—pH diagram for the simulated Fe single system. The boldface X in the diagram represents the starting point under initial highly acidic
conditions (pH &~ —0.6), and symbols (A), (B) and (C) represent the conditions after neutralization to pH values of 0.5, 1.0, and 1.5, respectively.
The vertical arrows indicate the increase in oxidation potential due to O; addition. (a) Using NaOH as a neutralizer, (b) Using NH; as a

neutralizer.

with water, and analyzed using XRD (SmartLab, SmartLab
Studio, Database: ICDD PDF-2 Release 2020 RDB, Rigaku,
Tokyo, Japan) and SEM-EDS (TM4000Plus, Hitachi High-
Tech, Japan). Lastly, a selected group of solid samples and
liquid samples were retrieved after neutralization and
neutralization-oxidation at different times in order to identify
their chemical speciation using XAFS analysis at the Mn K-
Edge (BL11S2 beamline, Aichi Synchrotron Radiation Center,
Aichi, Japan). For clarity, a schematic representation of the
methodology described above is presented in Supplementary
Figure 1.

2.2.2. Fe Single System. A mother liquor was prepared by
dissolving 986 mL of concentrated HCIl and using 968 g of
FeCl;06H,0 to obtain a final solution of approximately
100000 ppm of Fe®'. Afterward, samples of 300 g of this
solution were neutralized using NaOH (48 wt %) and NH,
(28 wt %), respectively. In this case, the final pH values
obtained for both NaOH and NH; were 0.5, 1.0, and 1.5. Once
the desired pH was attained, the same ozone generator
described in section 2.2.1 was used to bubble the system with
O3 at 1 L/min. Once the bubbling began, samples were taken
from the system at definite intervals and analyzed using ICP. In
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a similar fashion to the Mn single system, solids from the
aliquots generated at prescribed times were collected, filtered,
washed with water, and then analyzed using XRD and SEM-
EDS. Furthermore, because it is well known that iron
hydroxides are quickly formed after adding a neutralizer,
XAFS analysis at the Fe K-edge was carried out only for the
liquid phase after NaOH addition, in order to mainly focus on
Fe speciation in solution. All the chemicals used in the
experiments were of reagent grade and provided by Wako Pure
Chemical, Osaka, Japan.

3. RESULTS AND DISCUSSION

3.1. Thermodynamic Assessment of Aqueous Sys-
tems. 3.1.1. Mn Single System. The Eh—pH diagrams
prepared for the neutralization of the single Mn system to a
final pH of 1.5 are presented in Figure 1. It can be seen in
Figure 1la that the NaOH neutralization process, shown as the
horizontal red line spanning from pH & —0.6 to either pH 0.5,
1.0, or 1.5, is predicted to not produce Mn precipitates on its
own, as the speciation will favor the formation of soluble
MnCl, until pH values closer to 5, when the oxidation
potential is kept at Eh ~ 0.75 V. However, the diagram

https://doi.org/10.1021/acsomega.5c01588
ACS Omega 2025, 10, 18085—-18097
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Figure 3. Mn*" precipitation using neutralization followed by Oj oxidation. (a) Using NaOH as a neutralizer, (b) using NH; as a neutralizer.
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Figure 4. XRD results for Mn>" precipitation using neutralization to a final pH = 1.5, followed by O; oxidation at different times. (a) Using NaOH

as a neutralizer, (b) using NHj; as a neutralizer.

predicts that the addition of O; (shown as the vertical blue
arrows) will likely produce Mn oxides at pH 0.5, 1.0, or 1.5,
since O; could easily increase the Eh oxidation potential in the
system to values close to the equilibrium line where Mn solids
(shown generically in the diagram as MnO,) are expected.

Conversely, the case for NH; as a neutralizer is markedly
different, as shown in Figure 1b. This is because the
ammonium ion (NH,)" in the system is predicted to react
toward (NO;)™ under oxidizing conditions at high Eh values,
which has been experimentally reported to occur in systems
where transition metals and ozone are present.’””> Thus, the
diagram clearly indicates that an intermediate region between
MnCl, and MnO, will appear, whereby the nitrate (NO;)~ ion
is combined with Mn** forming soluble Mn(NO,),. This
observation suggests that the direct reaction of O; with
(NH,)" will likely interfere with Mn>" oxidation, resulting in
less O directly available for Mn precipitation.

3.1.2. Fe Single System. Figure 2 shows the Eh—pH
diagrams for the Fe single system when a final pH of 1.5 is
considered. It can be observed in Figure 2 that using either
NaOH or NHj as a neutralizer will result in Eh—pH diagrams
that are rather similar. It can also be seen in both Figure 2a,b

18088

that there is a clear vertical cutoff line in the region located
between pH 1 and 2 for Eh values higher than 0.5 V. The
existence of this line highlights the notorious effect of pH in
terms of iron precipitation, as it indicates that soluble FeCl,
abruptly changes to an insoluble form (shown in the diagrams
generically as Fe,O;) once the pH is high enough. For
instance, Figure 2a indicates that iron is expected to precipitate
completely starting from pH values between 1.0 and 1.5 when
NaOH is used as a neutralizer. Likewise, Figure 2b shows that
iron is expected to precipitate at pH values higher than 1.5 for
NH; addition. Furthermore, because the equilibrium regions
where soluble FeCl; and insoluble Fe,O; are separated by a
vertical line completely parallel to the axis representing the
oxidation potential (Eh), it can be inferred that the oxidation
potential will practically not exert any significant influence on
precipitation, regardless of the neutralizer employed.

3.2. Experimental Evaluation of Neutralization—
Oxidation for Each Individual System. 3.2.1. Precipitation
Experiments for the Mn Single System. The results of the
neutralization—oxidation experiments for the Mn single system
are presented in Figure 3. In the case of Figure 3a, it can be
seen that adding NaOH for neutralization before bubbling O,

https://doi.org/10.1021/acsomega.5c01588
ACS Omega 2025, 10, 18085—-18097
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Figure 5. XAFS results for solid Mn samples obtained for neutralization followed by O; oxidation. XANES spectra is shown on the left side while
the linear fitting results are shown on the right side. (a) Using NaOH as a neutralizer, (b) Using NH; as a neutralizer.

causes the concentration of Mn** to decrease noticeably,

regardless of the final pH attained. It can also be observed that
almost 100% of the initial Mn is removed from the solution
after 180 min of reaction. Moreover, an inverse sigmoid trend
can be seen for Mn*" concentration curves, heavily implying
that other phenomena besides direct Mn oxidation are taking
place. In this regard, previous literature indicates that such
behavior is typical of the kinetically favored autocatalytic Mn**
precipitation,””****™** which suggests the effectiveness of
using NaOH before bubbling Oj; in terms of Mn precipitation.

Conversely, the concentration curves presented in Figure 3b
indicate that the addition of NHj to the system before Oj
oxidation does not result in the complete precipitation of Mn**
ions, regardless of the pH employed. In this case, it appears
that the formation of Mn oxides is being limited, as no
significant reduction in the Mn** concentration is observed
even after 360 min of O; bubbling. This observation is in
agreement with the diagram results presented in section 3.1.1,
as it is likely that Mn oxidation is hindered when NHj is used
for neutralization due to the formation of unwanted (NO;)~,

1
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and will always result in a significant amount of Mn?>"
remaining in solution. Moreover, an inverse sigmoidal curve
is not detected for the Mn concentration, suggesting that
precipitation via Mn** autocatalysis is weakened.

3.2.2. Characterization of Precipitated Products from the
Mn Single System. To characterize the products obtained
experimentally, several XRD, SEM-EDS, and XAFS analyses
were carried out for samples oxidized after NaOH and NH,
addition. In the case of XRD analysis, the results shown in
Figure 4a indicate that only a negligible amount of Mn oxides
is formed immediately after NaOH addition at t = 0 h, with
residual NaCl (PDF card: 01-080-3939) coming from HCI
neutralization with NaOH being practically the only crystalline
phase detected. After O; is added to the system, manganese
oxides are detected at t = 1 h, with Ramsdellite (R-MnO,, PDF
card: 00-044-0142) observed as the main phase. Finally, the
phase corresponding to Birnessite (6-MnO,, PDF card: 00-
043-1456) is detected after oxidizing the system with O for 3
h and onward. These results suggest that adding only NaOH
will not result in significant Mn precipitation. Instead, it seems

https://doi.org/10.1021/acsomega.5c01588
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Table 2. XANES Linear Fitting Results for the Mn Single System

Neutralizer pH after neutralization

Oxidation time (h)  Fraction

MnClL, (%) Mn(NO;), (%) MnO (%) Mn;0, (%) MnO, (%) (MnO,)” (%)

NaOH 0.5 0 Solid 75.5
1.5 0 Solid 71.6
0.5 3 Solid
LS 3 Solid -
0.5 0 Liquid 714

NH; 0.5 0 Solid 79.5
1S 0 Solid 78.0
0.5 3 Solid 79.4
15 3 Solid 29.4
0.5 0 Liquid 37.7
0.5 3 Liquid 37.0
LS 3 Liquid 1Ls

24.5
284 -
38.3 12.2 52.4
- 1.1 6.1 92.8
28.6 -
20.5
22.0 -
19.3 - 1.3
- 7.7 15.0 479
62.3
63.0 - -
15.0 - - 54.3 12.1

that O; bubbling is necessary to obtain Mn*" oxides. Also,
XRD results indicate that there is a change in the Mn oxide
polymorph obtained, depending on the total oxidation time.
This phenomenon could be attributed to stabilization changes
from the tunneled structure of Ramsdellite toward the layered
structure of sodium Birnessite, as Ramsdellite does not easily
accommodate alkali cations such as Na® but rather
accommodates (and becomes stabilized by) H* ions.*

In the case of NH; addition, Figure 4b shows that no Mn
oxides are formed at t = 0 h, and that only the remainder of
HCI neutralization, NH,Cl (PDF card: 00-007-0007), is the
only phase present. However, after bubbling O; for 1 h, the
peaks corresponding to (NH,)"-intercalated Hollandite (a-
MnO,, PDF card: 01-082-1450) are detected. Because
Hollandite is a stable manganese oxide with a tunneled
structure known to hold positive ions such as K*, Rb**, Cs**,
Ba®*, and (NH,)" in its structure, it is unlikely that further
changes in the Mn polymorph will occur, as practically the
same XRD pattern is observed for longer oxidation times (3 h
and 6 h).

SEM-EDS analyses (see Supplementary Figure 2a) pointed
out that using NaOH will result in particles with small granules
on the surface after 1 h of O; oxidation, turning into particles
with a higher degree of compaction after 3 h. It can also be
seen that after 1 h of O; oxidation, the amount of Na within
the particle is lower compared to 3 h of O; oxidation, as the
EDS mapping for Na changes from a very diffuse distribution
at 1 h to a more defined distribution after 3 h. These
observations agree with the XRD results shown in Figure 4a,
which indicate that as the O; bubbling time increases from 1 h
to 3 h and beyond, the MnO, phase will shift from the proton-
stabilized Ramsdellite (R-MnO,) to Na-substituted Birnessite
(6-MnO,). In contrast, SEM-EDS results for NH; introduced
in Supplementary Figure 2b indicate that after 1 h of O;
bubbling, the particles do not present visible granulation in the
surface, while after 3 h of O; bubbling, the particles seem to
have consolidated and formed a clear clump. Of particular note
is the similar N content in the particles detected by SEM-EDS
at 1 and 3 h. This suggests that once the oxidation process has
started, the tunneled phase of ammonium Hollandite (a-
MnO,) forms, as suitable NH," migrates to its interior. Then,
after reaching the maximum amount of NH," that can be
intercalated, increasing the rate of Oj; oxidation beyond 1 h will
not have a significant effect, in agreement with the XRD results
shown in Figure 4b.

On the other hand, the XANES spectra results and the
corresponding linear curve fitting for Mn oxides, shown in the

lower sections of Figure Sa,b indicated that samples measured
after the addition of neutralizer only (either NaOH or NHj),
would result in the formation of soluble MnCl, in the solids
and a small amount of a Mn oxide represented by MnO.
However, since MnO is thought to primarily contain the Mn
cation as Mn?", it is likely that any solid oxide particle will go
back to its dissolved form over time, as MnO is known to be
rather soluble under acidic conditions.”' This observation
reinforces the hypothesis that simple neutralizer addition is
poorly effective in achieving effective Mn precipitation.
However, for the XANES spectra and linear curve fitting
shown in the upper section of Figure Sa, corresponding to
NaOH neutralization followed by O; oxidation, it can be seen
that the curves changed from resembling MnCl, to clearly
matching the characteristic peaks of solid Mn species such as
MnO, and Mn;0,. Furthermore, although both samples have
XANES spectra that mostly resembles Birnessite,** the linear
fitting indicated that the average Mn oxidation state found in
the sample obtained at pH = 1.5 is markedly different when
compared to the sample at pH = 0.5. In particular, the
numerical results of linear curve fitting presented in Table 2
clearly show that neutralizing with NaOH to a higher pH
before the addition of O; will lead to the formation of
manganese solids with a higher oxidation state. Here, it can be
seen that the oxides obtained at pH = 1.5 have a much higher
content of Mn*" (shown as MnO, %) when compared to the
oxides obtained at pH = 0.5, which have a significant Mn
content with lower oxidation states, such as Mn?* (shown as
MnO %) and Mn*%"* (shown as Mn;0, %). Based on these
observations, it can be inferred that a relationship exists
between the initial pH reached before ozonation and the final
oxidation state of Mn in the solids, with a higher initial pH
value being directly correlated to a higher oxidation state.
Contrarily, in the case of NH; neutralization, the XANES
spectra and linear curve fitting presented in the upper side of
Figure Sb indicate that the oxidation of manganese is much
more limited. For instance, the pH conditions of the medium
during O; bubbling seem to exert an important role, as it can
be observed that only the sample obtained at pH 1.5
moderately matched the spectra from MnO, and Mn;0O,
standards. In comparison, the sample obtained at pH 0.5 still
looks similar to the samples obtained after NH; neutralization
only, whereby mostly soluble MnCl, is detected. Besides, the
linear curve fitting hinted that it is necessary to increase the pH
to values close to at least pH 1.5 when NH; is used in order to
obtain Mn oxides with high oxidation states, as the numerical
results shown in Table 2 suggested the presence of Mn*"
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Figure 6. XAFS results for liquid Mn fractions obtained from the neutralization followed by O; oxidation at different times. (a) XANES spectra at a
final pH = 0.5 for NaOH and NH;, (b) XANES spectra at a final pH = 1.5 for NH; only, (c) linear fitting results for all samples.

(shown as MnO,), Mn*%"* (shown as Mn;0,) and Mn**
(shown as MnO).

In terms of the liquid, XANES results of the Mn single
system are presented in Figure 6. In this case, the role of pH
increase was also observed in terms of Mn speciation. For
instance, at pH = 0.5, Figure 6a shows that both NaOH and
NH; neutralization without O; bubbling result in only soluble
species like MnCl, and Mn(NO;), in solution. Moreover, in
the particular case of NH; neutralization, increasing the Oy
bubbling time to 3 h at pH 0.5 did not change the speciation at
all, since Mn remained completely dissolved. However, when
the pH for NH; neutralization was raised to pH = 1.5 before
bubbling O; for 3 h, the XANES spectra changed, this time
matching the pattern of oxidized Mn species as illustrated in
Figure 6b. In particular, the results of linear fitting shown in
Figure 6¢ and Table 2 indicated that, contrary to other samples
for NHj; neutralization, only the liquid at pH = 1.5 would have
Mn oxidized toward Mn*" (as MnO,) and even Mn’* (as
(MnO,)~ instead of soluble Mn** as MnCl, or Mn(NOj),.
This means that unless the pH is high enough, Mn will not be
easily oxidized in the presence of O; when NH; is the
neutralizer. Rather, it appears that at low pH values, Oj is likely
to react with the ammonium ion (NH,)" directly and produce
(NO;)~ ions instead.

3.2.3. Discussion on the Precipitation Mechanism for the
Mn Single System. Based on the thermodynamic analysis and
the experimental results shown in the previous sections, it is
clear that there is a fundamental difference between using
NaOH or NH; during the neutralization step, not only in
terms of Mn”* precipitation efficiency but especially in terms of
the crystalline phase of MnO, obtained. Therefore, the
following explanation is proposed to elucidate the potential
Mn reaction mechanisms involved for each neutralizer.

In the case of NaOH (a strong alkali), it is likely that an
immediate reaction takes place each time an NaOH droplet is
added, whereby (OH)~ ions are released and react with Mn**
ions nearby as follows:

Mn** + 2NaOH — Mn(OH), + 2Na* (1)

Afterward, part of the Mn(OH), formed may be redissolved
back into Mn?>" due to the acidic conditions of the medium:

18091

Mn(OH), + 2H* - Mn** + 2H,0 2)

However, if there are enough (OH)~ ions in the immediate
vicinity when NaOH is added, a fraction of the Mn(OH),
formed via reaction 1 can instead oxidize quickly and form
MnOOH, as described below:**

Mn(OH), + OH™ — MnOOH + H,0 (3)

Then, because it is known that MnOOH will go through
disproportionation into MnO, and Mn>* under acidic
conditions, a further reaction could occur as follows:

2MnOOH + 2H* —» MnO, + Mn*" + 2H,0 (4)

Importantly, previous research has established that the
MnO, phase formed via reaction 4 corresponds to Ramsdellite
(R-MnO,).*® Furthermore, it is known that R-MnO, tends to
be an intermediate phase that will eventually stabilize toward
pyrolusite (#-MnO,) or other more stable MnO, phases
depending on the reaction conditions. Therefore, when the O,
oxidation process starts, it is likely that the large amount of Na*
existing in solution due to NaOH being used will exert a
considerable influence on R-MnO, stabilization.” Because of
this, the following transition from Ramsdellite to Na-
intercalated Birnessite (6-MnO,) could take place:

R-MnO, — 5-MnO, (Na*-intercalated) (5)

Importantly, 6-MnO, is known to be a very reactive
manganese oxide due to its layered structure, which promotes
the autocatalytic oxidation of Mn>* under oxidizing conditions.
Therefore, once the first Birnessite crystals are formed, the
following simplified autocatalytic oxidation reaction for Mn**

could take place during O; bubbling:

5-MnO, + Mn** + 0, — 25-MnO, + 1/20, (6)

The series of steps proposed above could explain the
autocatalytic curve presented in Figure 3a and the XRD results
showing R-MnO, progressively transitioning toward Na-
intercalated Birnessite. Moreover, this explanation aligns with
the SEM-EDS results in Supplementary Figure 2a showing a
lower amount of Na for an oxidation time equal to 1 h, and a
larger amount of Na for an oxidation time equal to 3 h.
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Figure 7. Fe®* precipitation was carried out using neutralization followed by oxidation by O; oxidation. (a) Using NaOH as a neutralizer, (b) using

NH; as a neutralizer.
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In the case of NH; neutralization, Mn** would react with
aqueous NH; and result in Mn(OH), as follows:

NH, + H,0 = NH," + OH"~ (7)

Mn** + 2NH, —» Mn(OH), + 2NH," (8)

However, because NHj is a much weaker alkali than NaOH
(pK,, = 4.75), there are two main differences compared to the
NaOH case. First, the amount of Mn(OH), that could actually
undergo reaction 3 will be reduced since the amount of (OH)~
ions in the vicinity of each NH; droplet is lower, meaning that
Mn(OH), redissolution described in reaction 2 could outpace
MnOOH formation. This fact may explain why there is no
evident MnO, precipitation when NH; is added to a final pH =
0.5 (see Figure 3b). Thus, it is likely that any relevant amount
of MnOOH will form only after adding enough NH; and
reaching a high enough pH (i.e., pH = 1.5). Then, only the
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amount of MnOOH that was actually able to form will
undergo disproportionation via reaction 4, resulting in R-
MnO,.

Second, because it is necessary to add large amounts of NH;
to increase the pH to a sufficient level for (OH)™ to promote
reaction 3, an equally large amount of NH," will inevitably be
added to the system. This would promote the following
reaction, as NH," will interfere with O; oxidation:*>"”

NH," + 40, - 2H" + (NO,)” + H,0 + 40, (9)

More importantly, because of the large amount of NH," ions
in the system, the metastable phase of R-MnO, will not
stabilize toward Birnessite as in the case with NaOH (reaction
5). Instead, the formation of (NH,)*-intercalated Hollandite-
(a-MnO,) would take place as follows:

R-MnO, — a-MnO, (NH, *-intercalated) (10)
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Consequently, because Hollandite has a tunneled structure,
the autocatalytic manganese reaction may be hampered when
O, bubbling starts, and Mn*" oxidation may happen through
other, less efficient mechanisms. In summary, it is proposed
that using NHj as a neutralizer results in a much lower amount
of Mn oxides when compared to NaOH, not only because of
NH," interference with O; as described in reaction 9, but also
because of the lack of an efficient autocatalytic Mn reaction for
(NH,)*-intercalated Hollandite, matching the experimental
results presented in Figure 3b.

3.2.4. Precipitation Experiments for the Fe Single System.
Our experiments indicated that Fe®* precipitation behaves
differently from Mn?*, whereby the formation of solids occurs
rather suddenly and in a single step. Hence, Figure 7a shows
that the addition of NaOH to the Fe single system does not
result in an appreciable formation of Fe oxides at pH 0.5, and
only a small amount of precipitates forms at pH = 1.0.
However, it was seen that precipitation proceeds readily at pH
1.5, resulting in the removal of virtually all Fe** and the
formation of 100% solids immediately after the NaOH
neutralization step. This indicates that O; oxidation is not
relevant for the Fe single system and that only pH conditions
control how much Fe remains in solution at any given time,
which is in agreement with the vertical line existing between
pH =1 and pH = 2 in the Eh—pH diagram presented in Figure
2a.

Conversely, Figure 7b shows that the precipitation of Fe’* is
noticeably lower in the case of NH; addition, as solid
formation is negligible at pH 0.5, while being only mildly
effective at pH 1.5. Because Fe precipitation appears to be
controlled by pH changes only, it is possible that a weak base
such as NH; may not be alkaline enough to promote the
formation of highly insoluble iron hydroxides unless added in
large amounts and until pH values higher than 1.5 are
obtained.

3.2.5. Characterization of Precipitated Products from the
Fe Single System. The left side of Figure 8a shows the XRD
results for Fe®" precipitation after NaOH neutralization. Here,
it can be observed that, regardless of the final pH, all the
samples exhibited similar diffractograms, indicating the
presence of residual NaCl from HCI neutralization and,
more importantly, iron oxyhydroxides resembling Akaganeite
(FeO(OH), PDF card: 00-034-1266), which is a phase
commonly found during FeCly neutralization.*® The fact that
FeO(OH)-like species are detected at all pH values suggests
that the sole presence of (OH)~ ions in the system is enough
for the formation of insoluble Fe compounds. This is likely
owing to their poor solubility and the large initial Fe®*
concentration, which would reach the saturation point rather
easily.*’

XANES results and linear curve fitting for the liquid fraction
of the Fe system are shown on the right side of Figure 8a. It
can be observed that the Fe sample at pH = 1.0 readily
matches FeO(OH) and ferrihydrite standards. This was
confirmed numerically, as the fitting indicated that approx-
imately 92% of the spectra correspond to FeO(OH), and the
rest (around 8%) correspond to ferrihydrite. These results
could explain why using NaOH as a neutralizer causes more
solids to form when compared to NHj, since it is well-known
that in the presence of sufficient (OH)™ ions, Fe*" undergoes
deprotonation in solution followed by the formation of
hydroxides of the type (Fe(OH),)**, which are subsequently
hydrolyzed toward FeO(OH) and ferrihydrite.””>* Moreover,

since ferric oxyhydroxides are generally very insoluble,*”>” the
formation of FeO(OH) (akaganeite) would explain why
having a higher pH after NaOH neutralization (for example,
pH = 1.5) results in all Fe** being removed from the solution
even before O; bubbling, in agreement with the Eh—pH
diagram presented in Figure 2a.

In comparison, the XRD results shown in Figure 8b,
corresponding to NHj; as a neutralizer for the Fe single system,
highlighted the formation of an iron-chloride complex in the
presence of the (NH,)" ion. In this case, the XRD peaks can be
ascribed to Kremersite ((NH,),FeCl;e(H,0)), PDF card: 01-
083-2193), which is the mineral analogue of diammonium
aquopentachloroferrate.”>> This compound is a multiferroic
material that has been reported to form when NH,Cl and
FeCl, react under various conditions, including the presence of
HCL>>*” Hence, it is likely that the limited Fe®* precipitation
observed in Figure 7b when NHj is the neutralizer could be
caused by the formation of the above-mentioned complex,
which hinders the direct formation of insoluble iron oxy-
hydroxides even at pH = 1.5.

3.2.6. Discussion on the Precipitation Mechanism for the
Fe Single System. Because both the thermodynamic
simulation and experimental results indicated that Fe
precipitation is controlled mainly by pH, the potential
mechanism by which Fe precipitates in our system, presented
below, will mostly disregard any effect of O; oxidation.

First, the following equilibrium describes FeCl; dissociation,
which is common to both NaOH and NHj; systems:

FeCl, = Fe’* + 3CI° (11)

Since it is known that Fe** can undergo hydrolysis and form
several Fe oxyhydroxide species by reacting with water,””"* the
following simplified reaction could describe the formation of
FeO(OH):

Fe’™ + 2H,0 = FeO(OH) + 3H" (12)

Now, because the initial conditions of our system are highly
acidic (pH ~ —0.6), the amount of H' is large, and the
equilibrium is shifted to the left in reaction 12 at the beginning.
However, when the strong base NaOH is used as a neutralizer,
OH™ ions will react with H* as follows:

NaOH — Na* 4+ OH~ (13)
OH™ + H" - H,0 (14)

Once reaction 14 occurs, the equilibrium presented in
reaction 12 will inevitably shift to the right, promoting the
quick precipitation of Fe oxyhydroxides due to immediate
saturation.*”*? At the same time, due to the large amounts of
Na® and CI™ present, NaCl would form concurrently as
follows:

Nat +CI” > NaCl (15)

Experimental observations support the above-mentioned
mechanism since a FeO(OH) phase (Akaganeite) was
detected by XRD when NaOH was used as a neutralizer for
pH 0.5, 1.0, and 1.5, with XAFS results clearly indicating the
presence of FeO(OH) as well. In addition, SEM-EDS data
shown in Supplementary Figure 3a highlighted the presence of
Fe alongside O, indicating oxyhydroxides, whereas the
presence of small NaCl incrustations in the particles supports
the hypothesis of reactions 14 and (15)1S happening
concurrently.

https://doi.org/10.1021/acsomega.5c01588
ACS Omega 2025, 10, 18085—-18097


https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c01588/suppl_file/ao5c01588_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

In the case of NHj, it is likely that the direct formation of
FeO(OH) via eq 12 will be hindered, since the amount of
OH™ needed to promote neutralization is controlled by the
weak base equilibrium presented in reaction 8. Therefore, in a
similar fashion to that of the Mn** system, it will be necessary
to provide a very large amount of NH; in order to
meaningfully change the pH even a little, with a large amount
of NH,* being introduced to the system as a consequence.
Because of this, and considering that a large amount of CI™ was
already present due to FeCl, dissociation and HCI content, the
formation of the aquopentachloroferrate complex reaction
would take place as follows:

Fe’™ + 5CI” + 2NH,* + H,0 — (NH,),FeCl(H,0)
(16)
Additionally, regardless of the final pH attained after

neutralization, the large amount of NH," in the system
would result in appreciable NH,Cl formation as follows:

NH," + CI” —» NH,CI (17)

The reaction steps introduced above correlate significantly
with the experimental observations, since (NH,),FeCl;(H,0)
was detected via XRD analysis, and SEM-EDS pictures shown
in Figure 3b clearly highlight that Fe, Cl, and N coexist in the
particles. Interestingly, SEM-EDS also showed that there is a
small region where Fe and O are together, suggesting that a
small amount of FeO(OH) will still precipitate via reaction 12
even in the case of NHj as a neutralizer, further supporting the
postulated reaction series.

3.2.7. Discussion on the Potential Use of the Neutraliza-
tion—Oxidation Method for Spent Pickling Wastewater
Treatment. Even though the individual systems in this study
were presented under simplified conditions, the results could
be useful for discussing a neutralization—oxidation approach
for the selective precipitation of Mn from spent pickling
wastewater. For instance, Figure 9 shows the combined Eh—
pH diagram for Mn and Fe systems based on the conditions
presented in section 3.1, when NaOH is used as the
neutralizer. It can be seen that there is an overlapping region
at pH values between 0 and 1 and high oxidation potentials
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Figure 9. Combined Eh—pH diagram for Fe and Mn using the
conditions described in Table 1 and NaOH as the neutralizer. The
boldface X in the diagram represents the starting point under initial
conditions (pH =~ —0.6), and symbols (A) and (B) represent
conditions after neutralization to a pH of 0.5 and 1.0, respectively.
The vertical arrows indicate the increase in oxidation potential due to
O; addition.

(above 1 V), where Fe is soluble (shown as FeCl;) and Mn
(shown as MnO,) is insoluble. This region could become the
target for a precipitation technique focused on the selective
removal of Mn, since our results showed that Mn is much
more dependent on oxidation potential for precipitation and
that a mild neutralization with NaOH followed by O3 bubbling
would result in the complete oxidation of Mn®', even at
comparatively “low” pH values like pH = 0.5 or pH = 1.0.

Likewise, because our experiments showed that Fe
precipitation depends exclusively on pH, if the neutralization
is carried out using NaOH in a controlled manner, then it
might be possible to maintain Fe** in solution by keeping the
pH below 1.0 before O; bubbling. Doing this would ensure
that the formation of Fe-hydroxides like FeO(OH) is reduced
to a minimum,”’ while keeping the conditions suitable for Mn
oxidation.

Then, by combining these insights, the ideal neutralization—
oxidation process for steel pickling wastewater containing Mn
would use an NaOH neutralization step that never goes above
pH 1.0, followed by an O; addition step carried out until the
entirety of Mn®" is precipitated, hence leaving the majority of
Fe* ions in solution for further recovery. To illustrate this
point, the flowchart presented in Figure 10 shows a potential
technique for spent pickling wastewater based on the insights
of this research work.

Steel Pickling wastewater
(Mn?* = 1000 mg/L, Fe* = 75000 mg/L, pH = -0.6)

Neutralization

Neutralized wastewater
(pH = 0.5~1.0)

Oxidation
(t=3~4 h)

Filtration
Fe-rich wastewater
Ll
U

v

To further recycling for Fe and HCI

Solids
including
Mn oxides
NaCl, and
some
FeO(OH)

Figure 10. Flowchart for the potential application of a neutralization—
oxidation process based on the results obtained in this research.

Nonetheless, in the case of real-world applications, it would
also be necessary to consider potential surface reactions
involved in the autocatalytic precipitation of Mn, alongside
potential coprecipitation phenomena that may take place. For
example, Mn oxides could capture amounts of partially
hydrolyzed iron species, especially at the start of the
precipitation, where nanocrystalline entities are expected
before agglomeration into amorphous crystals.””°"*> Although
this type of phenomenon could have an impact on the
efficiency of the overall process, it is believed that the amount
of FeO(OH) lost by coprecipitation would not be meaningful
enough to offset the benefit of this technique, given the
comparatively large amount of Fe*" ions remaining in solution.
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4. CONCLUSIONS

Results from this research pointed out that it is possible to
precipitate Mn®" under conditions similar to those of pickling
wastewater using neutralization followed by O; oxidation. In
particular, it was shown that NaOH is a neutralizer that is
much more effective than NH;. Additionally, it was seen that
the Na-Birnessite (5-MnO,) phase found during NaOH
neutralization is likely to induce the autocatalytic oxidation
of Mn** as evidenced by the concentration curve behavior and
XANES analysis, which showed the presence of typical
autocatalytic products such as MnO, and Mn;0, after O,
bubbling.

In contrast, XANES results in the liquid and the
thermodynamic analysis indicated the presence of the nitrate
ion (NO;)~ for the case of NH; neutralization, hinting that an
unwanted reaction of NH," interfering with Oj is taking place.
Moreover, XRD analysis suggested that the Mn>" autocatalytic
reaction may be inhibited as the comparatively less reactive
phase of (NH,)*-Hollandite (a-MnO,) was detected.

On the other hand, our results showed that Fe precipitation
is controlled entirely by pH and that O; addition has no
discernible effect on the system. Also, XANES analysis of the
liquid indicated that Fe precipitation proceeds via the
formation of Fe-hydroxides such as FeO(OH), suggesting
that the strong base NaOH promotes more Fe precipitation
than the weak base NH; owing to its greater capacity for iron
hydroxylation.

Lastly, because our results showed that there is an
overlapping Eh—pH region where Mn may form solid oxides,
whereas Fe** may remain in solution, a potential method for
the selective precipitation of Mn** from acid pickling
wastewater was proposed. Hence, under ideal conditions, the
proposed method would involve a neutralization step with
NaOH until a pH between 0.5 and 1.0 is achieved, followed by
0, oxidation until the majority of Mn** is precipitated. Finally,
it is thought that the insights presented in this work contribute
to a better understanding of Mn and Fe systems subjected to
either neutralization or oxidation processes under highly acidic
conditions.
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