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A B S T R A C T

A hyphenated optical-electrochemical set-up was used to investigate the early-stage dissolution mechanism of 
NdFeB permanent magnets immersed in acetic, citric, and formic acids at concentrations of 0.01 and 0.1 M. This 
approach enabled a direct correlation between quantifiable surface changes and dissolution behaviour under 
open-circuit potential (OCP) conditions. Despite minimal OCP variation (180 mV) across all conditions and rapid 
stabilisation within approximately 300 s, significant optically-detectable surface changes continued throughout 
the measurement period (1 h). This emphasises that surface dissolution kinetics, rather than thermodynamics, 
predominantly control the early-stage dissolution of NdFeB. Kinetic parameters obtained by fitting mean activity- 
level curves with a sigmoidal model revealed that higher acid concentrations result in shorter induction periods 
and faster surface activation. In-situ optical analysis indicated a consistent dissolution mechanism characterised 
initially by localised activation, followed by the progressive expansion of active sites across the surface. Post- 
immersion analysis confirmed preferential dissolution of rare-earth-rich phases at grain boundaries and triple 
points, alongside intragranular dissolution observed in 0.01 M citric acid. Among the tested conditions, dilute 
citric acid (0.01 M) emerges as particularly suitable medium for practical control, as its relatively long induction 
period (~1378 s) allows monitoring and controlling local dissolution before rapid surface activation begins. The 
combined optical-electrochemical approach also revealed that, while rare-earth-rich sites are preferentially 
activated, early signs of matrix activation are detectable, underscoring the value of in-situ optical analysis for 
advancing process control in NdFeB recycling.

1. Introduction

One of the key highlights of the 2023 United Nations Climate Change 
Conference (COP) was the reinforced commitment to reduce global 
greenhouse gas emissions by 50 %, aiming to achieve the goal of net- 
zero emissions by 2050 [1]. Such a goal can only be reached by pro
moting an effective energy transition from fossil fuels to renewable 
sources [2]. Yet, the energy transition relies on significant growth in 
applications containing critical raw materials (CRMs). A prominent 
example is rare-earth elements (REEs), which are needed to produce 
strong permanent magnets (PMs) for wind turbines, hybrid and electric 

vehicles, e-bikes, e-scooters, and many other high-tech applications 
which drives our modern life, including laptops and smartphones [3–9].

The EU has classified REEs among the most critical materials due to 
their economic importance and supply risk [10]. Currently, the REEs 
value chain, from mining to magnet production, remains highly cen
tralised [10,11]. Considering the importance of CRMs, the EU has 
introduced the “Critical Raw Materials Act” (CRMA) which outlines 
strategies to ensure continuous supply of CRMs in Europe [12,13]. One 
of these strategies focuses on recycling end-of-life (EoL) products con
taining CRMs. As a benchmark, the EU has set a goal to recycle at least 
25 % of its annual consumption of CRMs by 2030 [13]. According to the 
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CRMs report published in 2023, the recycling rate of REEs in Europe is 
only 1 % [10]. Therefore, significant efforts are needed to optimise 
recycling processes, making them more efficient and sustainable [3,7,
14–20].

Hydrometallurgical processes for recovering REEs from NdFeB PMs 
have been extensively studied [5,6,8,21–23]. These processes are 
particularly effective for targeting heterogeneous scrap, such as 
shredded electronic waste [22,24]. In hydrometallurgy, leaching is the 
initial operation aimed at dissolving target materials. This step plays a 
critical role in subsequent stages, including extraction, separation, and 
recovery [8]. For example, in NdFeB PMs, leaching in acidic media 
typically dissolves the complete magnet [8]. Due to this lack of selec
tivity, multiple separation steps are often required to isolate the REEs in 
the subsequent solution purification steps. In some cases, selectivity is 
achieved by roasting the scrap before leaching to promote the oxidation 
of metals, thereby enhancing the leaching selectivity of REEs over iron 
[25–27]. However, this extra step, considered part of scrap 
pre-treatment, leads to higher energy consumption and additional 
emissions. Conversely, electrochemical methods can target specific el
ements, while offering benefits such as minimal energy and chemicals 
consumption and enhanced reaction kinetics [14,15,17,28]. Various 
approaches have been proposed for electrochemical leaching (electro
leaching) using both organic and inorganic acids [14–17,28]. These 
studies highlight the potential of leaching under electrochemical con
ditions, achieving high extraction efficiency for Nd and Fe at low acid 
concentrations.

Optimising either a chemical or electrochemical leaching process for 
selective dissolution of the REEs over other elements in the NdFeB alloy, 
requires an understanding of the dissolution kinetics and mechanism of 
the different phases within the NdFeB microstructure. According to the 
literature, the microstructure of NdFeB consists of a Nd2Fe14B ferro
magnetic matrix, surrounded by a Nd-rich phase (Nd4Fe) that forms 
triple points, and a paramagnetic boride phase (NdFe4B4) located at the 
grain boundaries [29–35]. Moreover, depending on the application of 
the NdFeB PMs, other REEs are often added, including Pr, Dy, Tb and Ce 
[3,5,8,9,23,36,37]. Therefore, the Nd-rich phase is often referred to as 
RE-rich phase.

Previous studies have shown that the dissolution of bulk NdFeB PMs 
in neutral and acidic solutions starts in the grain boundaries which are 
enriched with REEs, followed by the dissolution of the RE-rich phase, 
and lately the matrix. NdFeB matrix behaves as the cathode and RE-rich 
phases as the anode; this imbalance, with a larger cathodic surface area, 
leads to degradation and eventual disintegration of the Nd2Fe14B grains 
[29,32,38–40]. In alkaline media, and in phosphoric acid or oxalic acid, 
NdFeB tends to form a protective oxide layer, with its stability 
depending on the specific nature of the electrolyte [33,40,41].

This high-dissolution susceptibility of the RE-rich phase is attributed 
to its high reactivity, as indicated by the low standard oxidation elec
trode potential of REEs (approximately − 2.2 to − 2.5 V) [32]. Even 
though the dissolution mechanism of NdFeB PMs has been extensively 
investigated [30,32,33,39,42], most works have relied on electro
chemical measurements combined with post-microstructural analysis. 
This approach unfortunately leads to the loss of information on 
early-stage processes and local dissolution phenomena. Capturing the 
surface activity occurring during early-stage immersion could provide 
valuable insights into the selective dissolution of REEs, particularly in 
assessing their preferential leaching over other alloying elements.

A comparable challenge is common in corrosion research, where 
microstructural changes are often analysed after electrochemical testing 
(postmortem) or identified once the corrosion process is significantly 
advanced, hence losing significant information. To address this chal
lenge, hyphenated methodologies combining electrochemistry and high- 
resolution optics have been recently proposed [43–50]. For instance, 
optical-electrochemical setups which enable the simultaneous moni
toring of target surfaces using electrochemical techniques (e.g. imped
ance (EIS)) and optics (time resolved micrographs), turned into 

quantifiable information after data imaging processing protocols, are 
implemented [43–47]. The effectiveness of this approach is attributed to 
its simple and cost-effective hardware combined with image processing 
protocols allowing to quantify information with high spatial (pixel res
olution ~1 μm2) and time resolution (1 s), which can be directly 
correlated to electrochemical signals. For example, this approach has 
been successfully applied to monitor surface changes during impedance 
measurements in the study of aluminium alloy corrosion inhibition [44] 
and to investigate intermetallic dealloying and trenching in aluminium 
alloys [46]. Naturally, these setups continue to evolve, aiming to 
improve resolution and in-situ correlation of localised phenomena. By 
coupling reflective microscopy with electrochemical measurements, 
researches have successfully monitored different stages of iron oxidation 
[51] and the rapid selective deposition and growth of cerium oxides as 
function of the inter metallic composition on AA2024-T3 alloys [47]. 
Moreover, advancements in imaging techniques have enabled the 
detection of chemical crosstalk between particles in aluminium alloys, 
utilising not only reflective microscopy but also fluorescence micro
scopy [52].

The previous examples highlight the numerous possibilities for cost- 
effective in-situ methods in correlating electrochemical signals to surface 
phenomena. Hence, it offers a new way to study fast-changing systems 
such as magnet alloy dissolution. This study investigates, for the first 
time, the early-stage dissolution of spent NdFeB permanent magnets in 
dilute acetic, citric, and formic acids using an in-situ opti
cal–electrochemical set-up. The method enables simultaneous OCP 
monitoring and time-resolved optical imaging, from which we derive 
quantitative surface-activity metrics. Our objective is to correlate OCP 
with optical activity maps to track the onset and propagation of RE- 
preferential dissolution. In this context, OCP monitoring can be corre
lated with standard chemical leaching in hydrometallurgical processes. 
Organic acids were selected for their reported high leaching efficiencies 
towards REEs [17,19,36,37], as well as for being biodegradable and 
easier to handle compared to inorganic acids [20,53,54].

2. Experimental

2.1. Samples

Samples of NdFeB PMs were obtained by manual disassembling of 
spent hard-disc drives and E-scooter rotor. After removing the magnets, 
they were demagnetised in a furnace at 400 ◦C for 30 min and air-cooled 
to room temperature. The demagnetised samples were cut into pieces of 
5 × 5 mm and then mounted in hot resin (Bakelite). Finally, the samples 
were ground with SiC papers (#80 - #2000) and then polished with 
diamond suspension (3 - 1 μm).

2.2. Optical-electrochemical set-up

A schematic representation of the setup used in this work, adapted 
from [44,45], is shown in Fig. 1. The embedded NdFeB samples were 
placed in the optical-electrochemical set-up comprised of an electro
chemical cell (redox.me Raman electrochemical flow cell) and a re
flected light microscope (Dinolite AM7515MT4A, ≈10-pixel μm− 2). The 
samples served as the working electrode and Ag/AgCl (3 M KCl) elec
trode integrated into the electrochemical cell was used as the reference 
electrode. Electrochemical measurements were facilitated with an Ivium 
CompactStat.h potentiostat.

Image capture and potential measurements were initiated prior to 
the introduction of the electrolyte into the cell to enable collection of 
data from the very start of exposure. Around 5 mL of the electrolyte was 
injected with a syringe to fully expose the surface of the embedded 
sample. Open-circuit potential (OCP) of NdFeB samples was measured 
for 1 h in acetic and citric acids at concentrations of 0.01 M and 0.1 M. 
The OCP in 0.01 M formic acid was also measured over 1 h, whereas in 
0.1 M formic acid the measurement was stopped after 20 min due to 
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intense bubble formation. The reagents used were acetic acid (analytical 
reagent grade, 99–100 %, Boom), citric acid (extra pure crystals, Boom), 
and formic acid (ACS reagent, ≥96 %, Sigma-Aldrich), and solutions 
were prepared with Milli-Q water (18.2 MΩ cm). All measurements were 
carried out at room temperature, while simultaneously recording optical 
images under axial lighting (i.e., brightfield mode). While the whole 
sample was exposed to the electrolyte, the area under direct optical 
observation is only a fraction (≈0.95 × 0.71 mm2) of the total area. 
Measurements for each condition were performed in duplicate to eval
uate reproducibility.

2.2.1. Image analyses
The acquired images were processed using an image analysis pro

tocol discussed in detail elsewhere [46,47]. While those protocols 
include the use of an intensity threshold, in this study surface changes 
were quantified solely through direct subtraction of pre-processed im
ages (converted to 8-bit grayscale and recursively aligned), without 
applying any threshold. For the NdFeB samples, surface changes were 
visually identifiable as pixel darkening in raw images, which was then 
quantitatively assessed using image subtraction. The subtraction is 
performed against a reference image, typically the image at t = 0 s of 
immersion in the electrolyte (i.e., image at t = 0 s - image at a given time 
(x) s) unless otherwise stated. The output of the subtraction is the 8-bit 
activity map at x seconds. The value of each pixel in the map indicates 
how much change occurred (i.e., activity level) with respect to the 
reference image. The activity level ranges from 0 to 255. It is noted that 
an activity level of 255 is only possible when the initial surface 
completely reflects light. Pixels that did not register any additional 
darkening with respect to the reference image have an activity level of 0. 
Meanwhile, those that show more substantial darkening exhibit much 
higher values. For easier visualisation of the activity levels, the activity 
maps were coloured in ImageJ. In the coloured images, pixels with 
higher activity levels appear as brighter/warmer pixels.

The time-dependence of the changes depicted in the activity maps 
was determined by measuring the mean activity level at a given time of 
all the pixels in the field of view of the microscope. In some cases, the 
mean activity level curve may show discontinuities due to brightness 
changes during data acquisition. This can register in the curves as step 
discontinuity. If this occurs, the discontinuity is corrected numerically 
by applying an offset equivalent to the magnitude of the step.

To obtain the dissolution kinetics and overall surface degradation 
kinetics, the mean activity level curves were analysed using different 
curve-fitting models, including linear, quadratic, exponential, and 
sigmoidal, in Python (see Supplementary Information (SI 1.1)). The 
best-fitting model was selected based the coefficient of determination 
(R2) and residual analysis.

2.3. Pre exposure and post exposure sample characterisation

Samples from different end-of-life (EoL) products were characterised 
prior to immersion experiments to determine their composition and the 
distribution of RE-rich phases. All samples were characterised after the 
tests using scanning electron microscopy (SEM), Jeol JSM-IT100. The 
semi-quantitative elemental composition was determined by energy 
dispersive X-ray spectroscopy (EDS). SEM images were acquired in both 
secondary electron (SE) and backscattering electron (BSE) modes. The 
microscope was set to operate with an acceleration voltage of 20 kV, 
probe current of 60 pA, and a working distance between 10 and 12 mm.

3. Results and discussion

3.1. Characterisation of the initial condition of a spent NdFeB PM

Fig. 2 shows a representative initial condition of the NdFeB micro
structure, before immersion. It is consistent with the characterisation of 
Zakotnik et al., [34]; the ferromagnetic matrix is characterised by a dark 
grey colour, while grain boundaries consisting of the paramagnetic 
phase, and the RE-rich phases, also known as triple points [32,35], are 
represented by a white (1) and light grey (2) contrast. The light grey 
contrast (2) is related to the higher oxygen and lower REEs content than 
the brightest phase (1). Furthermore, grains can be recognised in the 
SEM image, with an average grain size of about 5.8 μm, as determined by 
the method Heyn Linear Intercept Procedure in accordance with ASTM 
E112-24 [55]. Additional measurements using ImageJ, across five mi
crographs of different samples, revealed that the RE-rich phases (triple 
points and grain boundaries) represent about 8 % (±1.5 %) of the sur
face area. Another important parameter is the thickness of the grain 
boundaries, which has been reported in the nanometre range [56–58].

As mentioned previously, samples were obtained from both HDDs 
and E-scooters, and Fig. 2presents a sample from an E-scooter. Never
theless, the microstructural morphology does not differ significantly 
between the two sources, as shown in our previous study [3]. There are, 
however, slight variations in composition; but overall, the total REE 
content is nearly the same in both applications [3].

3.2. Correlation between the open-circuit potential and the mean activity 
level

Fig. 3 shows representative reflected light microscopy images of the 
NdFeB sample acquired before, during, and after immersion in 0.01 M 
citric acid. Prior to immersion (Fig. 3 (a)), the surface consists of a 

Fig. 1. Schematic view of the optical-electrochemical set-up, highlighting the 
vertical position of both sample and camera. Adapted from [46].

Fig. 2. SEM image of the initial condition of NdFeB microstructure, high
lighting the Nd2Fe14B ferromagnetic matrix, the RE-rich phases and the 
NdFe4B4 paramagnetic phase at the grain boundaries.
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continuous grey matrix interspersed with darker domains. The grey re
gions correspond to the Nd2Fe14B matrix, while the darker domains are 
likely associated with RE-rich phases or other surface irregularities 
previously observed in the pre-immersion SEM image (Fig. 2). Upon 
immersion in the acidic electrolyte (Fig. 3(b)), the surface undergoes 
pronounced changes, including increased contrast along grain bound
aries, progressive darkening of grains, and the formation of larger dark 
patches. A closer inspection of a selected area (Fig. 3 (c)) reveals that 
these changes can be categorised into three types: (1) darkening of grain 
boundaries, (2) irreversible darkening of grain domains, and (3) 
reversible darkening of grain domains. The reversible darkening 
behaviour, as observed at point 3, between 30 min and 1 h of immersion, 
corresponds to transient contrast changes where the initially darkened 
regions later fade; but, subsequently darken again with continued 
exposure. The darkening of grain boundaries initially displays reversible 
behaviour, with the regions darkening and then partially brightening 
between 5 and 20 min of immersion, after which the contrast gradually 
becomes permanently dark at longer exposure times.

The presence of darkened domains even before immersion compli
cates the direct interpretation of surface changes from the microscopy 
images. To address this, the image subtraction protocol described in the 
methodology section was applied to generate the activity maps shown in 
Fig. 3 (d). These maps provide a semi-quantitative means of identifying 
where changes occur and estimating their extent. By calculating the 
average activity from the maps, the time dependence of the overall 
surface evolution can be evaluated and correlated with the concurrent 
OCP measurements. Fig. 4 presents the OCP and mean activity curves 
derived from the activity maps for all evaluated conditions, with the 
selected curves representing the general trends observed across all 
measurements.

3.2.1. Open-circuit potential evolution
Based on Fig. 4, the OCP evolution of NdFeB in different organic 

acids exhibits a similar trend; an initial potential drop of 0.3–0.5 V 

occurs within the first 50–200 s, followed by stabilisation. The initial 
potential drop, observed in all conditions, is characteristic of breakdown 
of the oxide film naturally formed on the sample surface of active sys
tems such as the NdFeB alloy [59]. Although the characterisation of an 
oxide layer is beyond the scope of this work, it is well known that NdFeB 
is easily oxidised in air, justifying the need for a protective coating 
during its use to avoid loss of magnetic properties due to oxidation [60].

After the initial drop, OCP stabilises at negative potentials, indicating 
steady-state dissolution at all conditions. When comparing the final OCP 
values, little difference is observed among the different organic acids, 
with a maximum variance of only 180 mV, based on the average 
measured during the last minute of measurement. The highest value of 
− 520 mV was observed in 0.1 M citric acid, and the lowest, − 700 mV, in 
0.01 M formic acid. These values can be related to the acids’ strengths, 
as reflected by their similar pKa values: acetic acid has a pKa of 4.76; 
citric acid, with three carboxylic groups, has pKa values of 3.13, 4.76, 
and 6.40; and formic acid has a pKa of 3.8 [19,20]. Theoretically, a 
lower pKa results in a lower pH solution, shifting the OCP towards more 
positive values [61], which agrees with the behaviour observed for citric 
acid, but not for formic acid.

This contradiction indicates that the proton availability from organic 
acids alone does not exclusively govern the dissolution of NdFeB mag
nets [19]. Gergoric et al. [20] have demonstrated that the dissolution 
mechanism of NdFeB in organic acids initially involves displacement of 
the rare-earth ions from the alloy structure by hydronium ions, followed 
by the formation of metal-organic complexes. Importantly, the stability 
of these complexes significantly influences the dissolution efficiency. 
Citric and acetic acids are known to form soluble complexes with REEs, 
whereas formic acid form insoluble complexes [19].

Regarding acid concentration, no straightforward relationship be
tween higher concentration and lower OCP was observed. In other 
words, increasing the acid concentration did not consistently result in 
lower OCP values. Notably, in 0.1 M formic acid, intense bubble for
mation hindered continuous monitoring beyond 1800 s. The bubbles 

Fig. 3. Reflected light microscopy images of the sample (a) before immersion, (b) after 1 h of exposure to 0.01 M citric acid, and (c) at different times during 
immersion for the region indicated by the red rectangle. A microscopy image and its corresponding activity map is shown in (d).
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have been attributed to H2 gas evolution, a reaction product between the 
acid and the NdFeB alloy [18,19,40].

Although the OCP stabilises rapidly for all conditions (within ≈300 
s), the mean activity level curves in Fig. 4 indicate that surface changes 
continue to progress throughout the entire measurement period. Ac
cording to El-Moneim et al. [30], the dissolution mechanism of NdFeB in 
N2-purged 0.1 M H2SO4 under open-circuit conditions occurs in three 
stages: the first stage (1–3 min) involves preferential attack at the grain 
boundaries, followed by dissolution of the more anodic RE-rich phases, 
and finally, matrix dissolution, which begins approximately 6–7 min 
after immersion. It is important to note, however, that the authors did 
not present OCP curves; their proposed mechanism was based on 
elemental dissolution rate measurements (mass loss combined with 
ICP-OES measurements). Similarly, Koshsima et al. [36] concluded that 
selective dissolution of RE-rich phases from powdered NdFeB can be 
achieved within 15 min in 1 M citric acid. Their ex-situ analyses indi
cated selective removal of REEs at grain boundaries and triple points, 
while the matrix was largely preserved.

3.2.2. Surface changes captured by activity maps
Fig. 4 also shows the evolution of surface changes in NdFeB samples 

during immersion in organic acids, evaluated by the mean activity level 

curves. It is worth noting that some curves exhibit spikes, particularly in 
Fig. 4 (d) and more prominently in Fig. 4 (f), for 0.1 M citric and formic 
acids, respectively. These spikes resulted from the rapid formation and 
detachment of H2 bubbles from the surface. The bubbles scatter light 
effectively resulting to sudden increase in the mean activity-level. 
However, once the bubbles detach, the area covered by the bubble re
flects light again (i.e., appears less dark) which leads to the observed 
drop in the mean activity level. As this process was too intense in the 0.1 
M formic acid, the measurement was interrupted once the optical 
changes observed plateaued to avoid issues that might arise from pres
sure accumulation in the electrochemical cell.

To quantitatively describe the kinetics of these surface changes, the 
mean activity level curves were fitted using a sigmoidal model, which 
captures three main stages: an initial induction period with minimal 
surface changes, a phase of rapid activity growth, and a final plateau 
[62]. The fitted curves and equations for each condition are provided in 
the SI 1.2. From these fits, three key parameters were extracted and 
reported in Table 1: the induction period, the inflection point, and the 
rate of change. The induction period reflects the time before rapid 
dissolution begins; the inflection point marks the time of maximum 
slope, i.e., the fastest rate of surface change; and the rate of change 
quantifies how sharply this transition occurs. The induction period was 

Fig. 4. Evolution of the open-circuit potential (OCP, dashed-dot line) and activity level (dotted line) of NdFeB, together with the sigmoidal fit (solid line), for 3600 s 
in (a) 0.01 M acetic acid, (b) 0.1 M acetic acid, (c) 0.01 M citric acid, (d) 0.1 M citric acid, (e) 0.01 M formic acid, and for 1800 s in (f) 0.1 M formic acid.
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determined by the geometric method (see SI 2).
As seen in Table 1, high acid concentrations resulted in much shorter 

induction periods and earlier inflection points. For example, 0.1 M 
formic acid exhibited an almost negligible induction period (20 s) and 
the earliest inflection point (542 s), indicating an intense and abrupt 
onset of surface activity. In contrast, lower acid concentrations resulted 
in longer induction periods and delayed inflection points, e.g., 1110 s 
and 3127 s, respectively, for 0.01 M acetic acid consistent with a slower 
initiation of dissolution. Interestingly, these longer induction periods 
occurred even though the OCP had already stabilised. This suggests that 
certain surface phenomena causing minimal optical response, i.e., low- 

level pixel changes, may still occur during this time. One possibility is 
the dissolution of a native oxide layer upon initial immersion, which 
would account for the initial OCP drop, while causing only subtle surface 
changes not yet distinguishable in the averaged optical signal.

The inflection point and rate of change are inherently linked kinetic 
parameters that together describe the dynamics of surface activation. 
The inflection point marks when the surface activity increases most 
rapidly, while the rate of change defines the speed of this transition. In 
more diluted solutions, the transition from induction to (an eventual) 
plateau is broader and more gradual, which results in a higher calcu
lated rate of change, even though the actual process is slower and more 
extended, as seen for 0.01 M citric acid. Conversely, the low rate of 
change observed for 0.1 M formic acid (261) reflects an extremely rapid, 
localised transformation, as seen from its nearly absent induction 
period. As these parameters were derived by fitting a sigmoidal model to 
the mean activity-level curves, the conditions with extended or incom
plete transitions within the measurement period (3600 s) resulted in 
calculated inflection points beyond the actual monitoring duration. This 
was observed in all diluted conditions. It is important to note that spikes 
caused by bubbling, mainly in the 0.1 M citric and formic acid condi
tions, can affect the reliability of the fitted parameters. Thus, kinetic 

Table 1 
Induction time, inflection point and rate of change parameters extracted from 
sigmoidal equations fitted to the data in Fig. 4, which describes the affected area 
evolution under different conditions.

Acetic Acid Citric Acid Formic Acid

0.01 M 0.1 M 0.01 M 0.1 M 0.01 M 0.1 M

Induction period (s) 1110 913 1378 209 1543 20
Inflection point (s) 3127 2103 3731 1803 3366 542
Rate of change 1008 595 1176 797 912 261

Fig. 5. Local activity maps of the NdFeB surface at the end of the induction period for each condition, with their corresponding mask images used for quantification 
of high-activity regions (red/orange) contrast: (a) 0.01 M acetic acid, (b) 0.01 M citric acid, (c) 0.01 M formic acid, (d) 0.1 M acetic acid, (e) 0.1 M citric acid, and (f) 
0.1 M formic acid.
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values from these conditions should be interpreted with caution. 
Nonetheless, the general trend remains clear: higher acid concentrations 
accelerate both the onset and the rate of surface changes. Since OCP did 
not vary significantly among the conditions, these results highlight that 
surface dissolution kinetics, rather than thermodynamic driving force, 
predominantly control the early-stage dissolution of NdFeB under the 
tested conditions. This also helps explain why surface changes in 0.1 M 
formic acid are so pronounced, resulting in high activity levels 
compared to the other conditions, particularly in the initial stage, as 
seen in Fig. 4.

3.2.3. Time-images correlation
A major advantage of the optical-electrochemical approach is the 

possibility to acquire microscopic images during immersion and corre
late those to OCP measurements. Figs. 5 and 6 show activity maps for 
each experimental condition at two kinetically significant points: the 
end of the induction period and the inflection point, with reference 
values given in Table 1. In these maps, the colour scale indicates activity 
level, with the brightest colours (orange/yellow) marking regions of 
highest activity. As mentioned before, highest activity corresponds to 
the high level of pixels changing over the surface. To support 

quantification, each original image was paired with a “mask” image that 
highlights the bright contrast. The fraction of the monitored area 
exhibiting high activity was calculated using ImageJ.

According to Fig. 5, at the end of the induction period, image analysis 
reveals notable differences among the tested acids and concentrations 
regarding the extent of high surface activity. Overall, the image back
ground shows very low activity, which likely corresponds to the matrix 
phase. In contrast, high activity is observed in highly localised regions, 
likely due to preferential dissolution of the RE-rich phases and grain 
boundaries. For instance, NdFeB in 0.1 M formic acid already exhibited 
about 5 % of its monitored area with high activity level, but this is 
primarily associated with hydrogen bubble formation noticeable at the 
surface. As discussed before, these bubbles scatter light, causing tem
porary increases in the measured active area; however, detachment of 
the bubbles might show surface unchanged, depending on immersion 
period. In contrast, in 0.1 M citric acid the sample surface showed only 
0.03 % of high active area; probably due to the short induction period 
(209 s). In the more diluted acids, the induction period is much longer 
(1378 s), and the fraction of highly active area remains low at this stage, 
0.18–5 % from the analysed areas, confirming a localised and slower 
onset of dissolution.

Fig. 6. Local activity maps of the NdFeB surface at the inflection point for each condition, with their corresponding mask images used for quantification of high- 
activity regions (red/orange contrast): (a) 0.01 M acetic acid, (b) 0.01 M citric acid, (c) 0.01 M formic acid, (d) 0.1 M acetic acid, (e) 0.1 M citric acid, and (f) 
0.1 M formic acid.
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When the inflection point is reached, with reference values shown in 
Table 1, the extent of high activity increases in most conditions, as seen 
in Fig. 6. All samples, except the one immersed in 0.01 M acetic acid, 
showed a substantial rise in active sites (orange-yellow contrast in terms 
of area fraction), 14–24 % from the analysed area, indicating the onset 
of rapid matrix activation that quickly propagates across a significant 
fraction of the monitored surface, particularly in concentrated solutions. 

However, for 0.01 M acetic acid, only 5 % of the analysed area displayed 
active sites and the background also showed minimal activity increase. 
This is unexpected given that, among the diluted solutions, this condi
tion exhibited the shortest induction time and earliest inflection point. 
This apparent discrepancy may arise because the kinetic parameters are 
extracted from the mean activity level curves, which represent an 
average response across the entire monitored area. In contrast, the 

Fig. 7. Sequence of activity maps capturing surface changes in NdFeB in 0.01 M citric acid. Scale bar indicates 20 μm.
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quantification of highly active sites is based on localised analysis, spe
cifically targeting regions where the most significant pixel changes 
(orange-yellow contrast) are observed. As a result, the overall mean 
activity may suggest faster kinetics, while the spatial distribution of the 
most intense activity remains limited. This emphasises the high added- 
value of in-situ optical measurements.

Again, it is important to note that in 0.1 M formic acid, the rapid 
generation and detachment of hydrogen bubbles influenced the 
measured active area. Visual inspection of the images at the induction 
period confirms that most high-activity spots in these cases are attrib
utable to bubbles. This experimental artifact necessitates cautious 
interpretation of the quantitative area fractions under such conditions.

Fig. 8. Sequence of images capturing surface changes in NdFeB in 0.1 M citric acid. Scale bar indicates 20 μm.
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The combination of electrochemical measurements with time- 
resolved image analysis provides a comprehensive perspective on the 
surface reactivity. The results underscore that both acid type and con
centration significantly influence the onset, propagation, and overall 
extent of dissolution, but also highlight the importance of recognising 
and accounting for artifacts introduced by aggressive acidic conditions. 
When dissolution kinetic and OCP analyses are considered together, the 
imaging data reinforce a consistent mechanistic picture: more aggressive 
and concentrated acids accelerate and intensify surface activation, yet 
also introduce complexities, such as bubble formation, that must be 
carefully considered for reliable interpretation.

3.2.3.1. Time-images correlation of NdFeB in citric acid. To further 
explore the surface changes in NdFeB immersed in organic acids, Figs. 7 
and 8 present selected time-lapse images showing local surface activity 
for samples immersed in 0.01 M and 0.1 M citric acid, respectively. 
Citric acid was chosen for its representative behaviour: at low concen
tration, it is similar to acetic and formic acids, and at higher concen
tration, its activity is intermediate between the two. For this analysis, a 
randomly selected area from the whole surface exposed and monitored 
was selected for better visualisation of the changes at the surface over 
the immersion time. Furthermore, enlarged images at specific times are 
also provided, highlighting significant changes in the surface activity. 
The area chose for 0.01 M citric acid is similar to the one shown in Fig. 3 
(c) and 3 (d).

In 0.01 M citric acid, Fig. 7, active regions in the NdFeB sample, 
initially visible as narrow thread-like features with bluish contrast, 
appear as early as 1.5 min after immersion and connect gradually over 
time. These features are consistent with grain boundary darkening 
(Fig. 3 (c)) and is in agreement with initial dissolution of grain bound
aries reported in literature [32]. Interestingly, this grain boundary ac
tivity can be initially reversible (see white arrows in Figs. 7–1.5 min–10 
min) which suggests potential gas involvement, likely H2 evolution. By 
6 min, a large active site (indicated by the cyan arrow in Figs. 7–6 min), 
around 16 μm wide, is evident, possibly involving multiple grains, since 
the average grain size of the initial microstructure was 5.6 μm. This 
active site persisted but showed a drop-in activity on its top section at 
around 35 min (see cyan arrow in Figs. 7–35 min). This makes it an 
example of reversible grain darkening. The same behaviour is observed 
for the large active site which appeared at around 17 min (see cyan 
arrow in Figs. 7–17 min) and disappeared at around 40 min (see cyan 
arrow in Figs. 7–40 min). As with the reversible boundary darkening, 
this reversible grain domain darkening is potentially due to local 
hydrogen accumulation and its subsequent release. The high activity site 
which was first observed at around 25 min (see green arrow in 
Figs. 7–25 min). exhibited activity that gradually developed but per
sisted until the end of immersion. This makes it a potential candidate for 
irreversible grain domain darkening which could be attributed to the 
dissolution of the NdFeB matrix.

Consistent with Figs. 5 and 6, the activity maps in Fig. 7 show more 
frequent high-activity regions within the grain domains and an overall 
increase in matrix activity after the calculated induction period (1378 s), 
determined from the sigmoidal fit of the mean activity level curve 
(Table 1). Secondly, this supports the earlier hypothesis that surface 
changes do occur during the induction period, but the associated activity 
levels may remain low when averaged over the entire surface. Moreover, 
the increased matrix involvement after the induction period suggests 
that matrix dissolution becomes more substantial during the phase of 
rapid activity increase. It is important to note though that this dissolu
tion is also potentially accompanied by increased frequency of gas 
accumulation.

Meanwhile in 0.1 M citric acid, Fig. 8, few spots exhibited higher 
activity than the matrix but there also appears to be some degree of 
changes on the matrix. Thread-like features similar to Fig. 7 (6 min) also 
became apparent at around 5 min, after the induction period. The 

thread-like features are accompanied by more visible changes (see green 
arrow in Figs. 8–5 min) on the matrix compared to the 0.01 M citric acid 
system. The increased matrix involvement is consistent with the higher 
activation observed after the induction period previously highlighted in 
Figs. 5 and 6. High-activity sites were detected at 10 min, much earlier 
than in dilute condition. One of the sites (see green arrow in Figs. 8–10 
min) exhibited activity that persisted until the end of immersion, which 
suggests it is an example of irreversible grain darkening. Another site 
(see cyan arrow in Figs. 8–10 min) showed high activity that eventually 
faded at around 30 min which makes it an example of reversible grain 
darkening. After 30 min, most of the analysed area shows high activity, 
mainly due to formation of large hydrogen bubbles, as revealed by the 
changing contrast in images from 35 min to 45 min.

While distinguishing between the matrix and RE-rich phases based 
on these optical images is challenging, the earliest high-activity regions 
within thread-like structures possibly correspond to RE-rich phases 
(including the grain boundaries), with ongoing dissolution towards the 
matrix, as well as internally, i.e., perpendicular to the sample surface. A 
similar mechanism, consisting of initial localised activation followed by 
the expansion and interconnection of active sites, was also observed in 
acetic and formic acid, with higher activity typically concentrated at the 
center of each active site. Time-lapse videos for all conditions evaluated 
are provided in SI 3.

Relating these imaging findings to electrochemical data, steady-state 
OCP is generally considered indicative of matrix dissolution in NdFeB 
[63]. In Fig. 4, OCP stabilisation occurs within 300 s for most conditions, 
suggesting early onset of matrix attack, consistent with previous work 
[63]. However, the imaging data indicate that the matrix becomes 
notably more active around 1800 s for most conditions, except in 0.01 M 
formic acid. This difference highlights that OCP may reach steady-state 
while substantial surface transformation continues, likely due to the 
relatively large-exposed area and gradual progression of the dissolution 
process.

Local analyses indicate that matrix degradation can begin at early 
stages, even under dilute citric acid conditions. Intragranular activity 
was clearly observed during in-situ monitoring, suggesting that matrix 
dissolution does not occur exclusively at advanced immersion times. 
Khoshima et al. [36], however, reported selective leaching of REEs while 
preserving the Nd2Fe14B matrix after 15 min of immersion in 0.1 M citric 
acid. This apparent discrepancy may arise from methodological differ
ences: their conclusions were based on changes in the solid residue 
composition, whereas our time-resolved optical approach provides 
direct evidence of surface-level changes during the initial stages of 
dissolution. These findings underscore the value of localised, in-situ 
techniques in complementing bulk post-mortem analyses.

Thus, while activation observed in these images is a strong indicator 
of dissolution, only post analysis can definitively assess the extent and 
dissolution. For this reason, additional characterisation of the samples 
was performed after the experiments.

3.3. SEM-EDS characterisation after immersion

Fig. 9 shows the SEM images (BSE mode) of all samples after 1 h of 
immersion in different organic acids, except for the sample in 0.1 M 
formic acid, which had an immersion time of around 30 min. Additional 
images acquired in the SE mode at higher magnification, and EDS ana
lyses can be found in SI 4. The areas analysed were randomly selected 
from the entire immersed surface and may not correspond to the specific 
region monitored by the microscopic camera.

Comparison of Fig. 9 with the initial microstructure shown in the 
inset (and in Fig. 2) demonstrates the significant impact of organic acid 
exposure on the NdFeB microstructure. In all cases, the RE-rich phases 
and grain boundaries are no longer visible, confirming their preferential 
dissolution, which is notably intensified at higher acid concentrations. 
This observation agrees with the earlier dissolution kinetic analysis, and 
it supports the interpretation that the earliest active sites detected 
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optically, particularly those larger than grain boundaries (Figs. 6 and 7
at t = 30 s) reflect more extensive phase dissolution.

Regarding the dissolution of the NdFeB matrix itself, it was greatly 
influenced by both the nature and the concentration of the acid, but in 
all conditions the matrix was not fully dissolved. In 0.01 M acetic acid 
(Fig. 9(a)), besides the dissolution of the most actives phases, a crater 
(pit-like) morphology was found with dissolution products forming and 
depositing around these regions, e.g. A2 in Fig. 9 (a). This is confirmed 
by the high oxygen content measured by EDS (SI). The morphology seen 
in Fig. 9 (a) is similar to the “open pits” reported by Mao et al. [29]. At 
higher concentration of acetic acid (Fig. 9(d)), preferential oxidation 
areas (A1), with high oxygen content, and a significant grain boundary 
attack were observed.

For citric acid Fig. 9 (b) and (e), both RE-rich phase and grain 
boundary dissolution occurred, with more pronounced oxygen-rich re
gions and matrix attack at 0.1 M. The inset in Fig. 9 (b) highlights that 

matrix disintegration can occur within individual grains (intragranular 
dissolution), a phenomenon also seen for 0.1 M formic acid (see SI 4, 
Figure S7).

In 0.01 M formic acid, Fig. 9 (c), grain boundary dissolution was less 
evident than in other conditions. Localised regions of dark contrast (site 
A2) corresponded to areas with the lowest Fe content. This cannot be 
attributed to preferential Fe dissolution but rather the formation of 
insoluble complexes [19]. In the more aggressive 0.1 M formic acid, 
Fig. 9(f), although the sample was immersed for only 30 min, complete 
dissolution of the RE-rich phases was evident.

Overall, this study demonstrates that the complex dissolution 
mechanism of NdFeB magnets in organic acids is significantly influenced 
by both the nature and concentration of the chosen acid. The lack of a 
straightforward correlation between OCP and observed surface changes 
emphasises the dominant role of reaction kinetics in the dissolution 
process.

Fig. 9. Scanning backscattered electron images showing an example of the initial NdFeB microstructure as a reference for comparison with the surface morphologies 
after immersion in: (a) 0.01 M acetic acid for 1 h; (b) 0.01 M citric acid for 1 h (with an inset image to point out grain dissolution); (c) 0.01 M formic acid for 1 h; (d) 
0.1 M acetic acid for 1 h; (e) 0.1 M citric acid for 1 h; (f) 0.1 M formic acid for 30 min.

Fig. 10. Schematic representation of the proposed dissolution mechanism of NdFeB in 0.01 M citric acid, highlighting key stages observed during in situ monitoring.
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The in-situ correlation between surface activity and dissolution 
behaviour highlighted the potential for controlled preferential dissolu
tion of RE-rich phases at grain boundaries and triple points. Among the 
conditions tested, dilute citric acid (0.01 M) is particularly promising 
when operating within its induction period ~1378 s (23 min), as this 
condition balances an adequately time before rapid activation of the 
surface, which allows the monitoring of activity with intermediate 
reactivity compared to acetic and formic acids. An illustrative repre
sentation of NdFeB in diluted citric acid is shown in Fig. 10. In com
parison with other selective-leaching routes, the measurements were 
carried out at room temperature and without externally applied poten
tial or current; parameters known to influence dissolution kinetics. 
Operating under this low-energy, bias-free regime facilitates selectivity 
control and process simplicity, in contrast to routes requiring thermal 
pre-treatment (e.g., roasting prior to leaching), which entail substan
tially higher energy input [20].

Evidence of intragranular dissolution, also observed in 0.01 M citric 
acid (Fig. 9 (b)), suggests potential for preferential dissolution within 
the matrix phase. However, achieving practical selectivity within the 
matrix remains challenging due to minimal electrochemical differenti
ation between the matrix and RE-rich phases at the spatial resolution 
used in this study. Therefore, a more fundamental evaluation at a finer 
scale is recommended to further elucidate the mechanisms and enhance 
control over preferential dissolution. Nevertheless, for practical opera
tional purposes, focusing dissolution efforts on grain boundaries and 
triple points with dilute citric acid currently represents the most viable 
strategy.

In perspective, this preferential dissolution can facilitate subsequent 
separation and purification steps, ultimately supporting more efficient 
and sustainable recovery of REEs from end-of-life NdFeB magnets. 
Nevertheless, quantitative yield and purity metrics would require, as 
next step, time-resolved leachate analysis (e.g., electrochemical cell 
coupled to ICP-OES/MS) and a detailed, process-level assessment of 
yield, purity, and sustainability via life-cycle assessment (LCA).

4. Conclusion

The dissolution of spent NdFeB permanent magnets was evaluated in 
acetic, citric and formic acids at concentrations of 0.01 M and 0.1 M at 
room temperature. For the first time, an optical-electrochemical set-up 
enabled the in-situ monitoring of surface changes while simultaneously 
measuring the open-circuit potential. This approach provided valuable 
insights into the preferential dissolution of REEs, which has traditionally 
been assessed only through ex-situ correlations. The key findings are 
summarised as follows. 

• Since OCP did not vary significantly among the conditions, it was 
found that dissolution kinetics, rather than thermodynamic driving 
force, predominantly control the early-stage dissolution of NdFeB 
under the tested conditions.

• Quantitative analysis of activity level curves using sigmoidal fitting 
provided kinetic parameters, such as induction period, inflection 
point, and rate of change, which allowed for precise evaluation of the 
surface transformation under each condition.

• Higher acid concentrations led to much shorter induction periods (as 
low as 20 s) and earlier inflection points (as early as 542 s), while 
lower concentrations resulted in longer induction periods (up to 
1500 s) and delayed, more gradual transitions, which demonstrates 
the strong effect of acid concentration on dissolution rate.

• In-situ analysis enabled to characterise the overall mechanism: an 
initial localised activation, followed by the formation of thread-like 
structures and the subsequent expansion and interconnection of 
active sites.

• 0.01 M citric acid was pointed out as potential medium for controlled 
RE-rich dissolution within its induction period (~23 min). 

Intragranular dissolution was also observed in this condition, high
lighting the possibility, of controlled extracting REEs from within the 
grains.
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