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from olivine using waste acid
from an electrochemical marine CO2 removal
process

Alexander J. Robinson, a Dan Thien Nguyen,b Brady Anderson,c Jian Liu, c

Pravalika Butreddy, b Elias Nakouzi, bd Qingpu Wang, b Paul Marshc

and Chinmayee V. Subban *ac

Global production of nickel (Ni) and ferronickel (FeNi) alloys, critical to battery materials and stainless steel

alloys, is limited to a few countries due to the distribution of laterite ores. To meet the growing demand, an

alternative supply of Ni and FeNi alloys needs to be established. Laterite ores result from olivine

(MgxFe2−xSiO4) weathering under tropical conditions, making olivine a promising alternative source to

consider; however, the lower Ni concentration of olivine makes it less economical. One approach to

lowering the process costs is using waste chemical inputs in place of expensive commodity chemicals.

In this study we evaluate the feasibility of using such waste byproducts generated by a demonstration-

scale electrochemical marine carbon dioxide removal system to extract Ni from olivine (0.27 wt% Ni) as

FeNi alloy. Bipolar membrane electrodialysis (BPMED) technology used for ocean alkalinity enhancement

generates acidic, desalinated, and basic streams using seawater and electricity. The acid stream is

a waste product, and we show that it is 37% better than equal-strength commercial HCl for leaching of

Ni from olivine at room temperature. A small volume of the alkaline product from BPMED is used to

increase the pH of the olivine leachate to remove all dissolved silicon and the majority of the dissolved

iron, while retaining most of the dissolved Ni (65%) and Mg (84%). This enriched solution is used for Ni

recovery via electroplating while the spent electrolyte, rich in Mg, is suitable as an additional source of

alkalinity for marine CO2 removal. We demonstrate the recovery of Ni as a FeNi alloy with an Fe to Ni

molar ratio of 1.37 : 1 and evaluate the cost-benefit of the process for various possible scenarios.

Preliminary assessment indicates an overall net economic benefit from recovering Ni from olivine using

the proposed method and the net benefit is expected to further increase if the overall recovery rate of Ni

is improved, the price of the Ni product is increased, and the value of CO2 credit is included.
Sustainability spotlight

Global production of nickel, critical to battery materials and stainless-steel alloys, is limited to a few countries. To meet the growing demand, an alternative
supply of nickel is needed. Olivine is a widely available mineral, but its low nickel concentration makes it less economical to process. We demonstrate the
feasibility of using waste acid from an electrochemical marine carbon dioxide removal system to extract nickel as Fe–Ni alloy via electroplating. The only waste
stream from the process is Mg-rich and can be utilized to achieve additional marine CO2 removal. Preliminary assessment indicates an overall net economic
benet from recovering nickel from olivine using the proposed method, highlighting the feasibility of integrating emerging technologies for sustainable
development.
1. Introduction

An increase in electrication across sectors, especially trans-
portation, has signicantly increased the demand for batteries.
ering, University of Washington, WA, USA

irectorate, Pacic Northwest National

c Northwest National Laboratory, WA,

ersity of Washington, Seattle, WA, USA

6–577
Growing demand for batteries translates to an increase in
demand for battery materials such as nickel (Ni).1 The combi-
nation of anticipated growth in demand and the current limited
global supply chain has placed Ni in the United States Depart-
ment of Energy's (DOE) highest priority critical mineral cate-
gory.2 Similarly, the European Union has prioritized Ni under its
Critical Raw Materials Act (CRMA).3 Current global Ni produc-
tion through laterite and sulde ores is largely limited to a few
countries,4 and such dependence risks major economic reper-
cussions if the supply from any of them is disrupted by global
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Process flow diagram showing the production of Ni-metal or
Ni-alloy from olivine rock utilizing acid generated from a bipolar
membrane electrodialysis system. A beneficial co-product of Mg-rich
solution is generated with potential for ocean alkalinity enhancement.
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events or national policy.4,5 The primary demand drivers for Ni
are rechargeable batteries that use Ni-based-electrodes and
stainless steel production that uses FeNi alloys.6 There is hence
a need for developing alternative Ni sources, both from mineral
ores and recycling streams.

One potential untapped mineral resource for Ni is olivine.
The weathering of ultramac rocks such as olivine and
serpentines in tropical locations is known to form enriched Ni
laterite ores.7–9 The weathering process in these tropical regions
allows for the up-concentration of Ni in these deposits from the
original olivine rocks. In non-tropical locations, lower Ni
concentration olivine presents itself as the best available
primary source. Ni in olivine rocks is known to typically vary
between 0.05 and 0.5 wt% which falls short of mined Ni laterites
that typically consist of deposits between 1 and 2 wt% Ni.10,11

This disparity in Ni concentrations makes olivine not cost-
competitive as a primary source with current production
methods and would require pairing with other technologies to
make it a viable Ni source.

Past literature dedicated to extracting Ni from olivine has
primarily focused on greener extraction pathways or adding an
additional co-benet to reduce cost.12–18 Early attempts at Ni
extraction sought to boost the leaching efficiency of olivine to
provide solutions with higher Ni content.12,13 One study re-
ported a bioleaching route which preferentially leached Ni,
unlike the leaching behavior observed with mineral acids.12,13,18

This preferential leaching could provide an avenue for reduced
processing cost but the overall slow rate of the bioleaching
makes it difficult to deploy at large scales. Another method to
increase the leaching efficiency of olivine is to chemically
convert the silicate rock into a carbonate.13 By performing
a carbonation pretreatment, the leaching efficiency is enhanced
over that of fresh olivine rock. Prior studies have demonstrated
simultaneous CO2 mineralization and Ni recovery as NiS.14–17

While this process has shown promise, preliminary cost–benet
analysis suggests that it is uneconomical compared to conven-
tional mining of laterite ores.16 More recently, a solvent extrac-
tion method for Ni recovery from olivine has been reported that
generates additional value streams of silica and iron.18 In
general, due to the relatively low amount of Ni in olivine, the
feasibility of Ni extraction from olivine requires integrating it
with processes generating additional revenue streams such as
co-production of other minerals, generation of chemical co-
products, or CO2 sequestration.

Commercial Ni-recovery from olivine would require acceler-
ated mineral dissolution to meet the minimum process scale
needed for economic viability. A common practice is acid
digestion and leaching to accelerate the release of critical
elements from natural minerals.19 However, acid use and the
neutralization and disposal of the resulting waste streams can
add signicantly to process costs. In this context, utilization of
waste acid streams and steps to minimize waste processing are
desirable.

In this study, we evaluate integrating Ni recovery from olivine
by utilizing one such waste acid stream. We use acid generated
by a demonstration-scale bipolar membrane electrodialysis
(BPMED) system deployed for ocean alkalinity enhancement
© 2026 The Author(s). Published by the Royal Society of Chemistry
(OAE) in Sequim, WA.20 The BPMED system consists of alter-
nating bipolar, anion-exchange, and cation-exchange
membranes and uses electricity to convert seawater into
acidic, alkaline, and desalinated product streams.21 The alka-
line and desalinated streams are used for OAE while the acidic
stream is a waste byproduct that requires disposal or alternative
use.20,22–25 To accelerate the dissolution of olivine, we used the
waste acid, and subsequently used a fraction of the alkaline
product from the BPMED to selectively recover a Ni-rich stream
from which we electroplate the Ni (Fig. 1). While the use of
olivine to neutralize acidic waste streams from electrochemical
processes such as BPMED has previously been reported in the
literature,23,26 mineral extraction from the process has not been
widely investigated. Furthermore, olivine has been successfully
used for OAE,27–30 but concerns around bioconcentration of
trace elements such as Ni and Cr remain.31 Extracting Ni prior to
OAE addresses a key barrier to safe and sustainable use of
olivine, while also generating a value stream.

In this study, olivine is rst digested with BPMED acid to
produce a leachate. The pH of the leachate is then adjusted using
NaOH base to precipitate Fe and Si, leaving behind a Mg- and Ni-
enriched solution. The Ni is electroplated from this solution and
the remaining solution rich in Mg is retained and is suitable for
OAE. Given that Mg-based OAE has been widely researched and
demonstrated at scale,32–34 here we focus our efforts primarily on
the Ni recovery from olivine and not on OAE.
2. Experimental
2.1 Materials characterization and feedstock preparation

Olivine rock dust was acquired from a commercial vendor (CGG
Distributing, Utah USA) and its composition was characterized
by inductively coupled plasma-mass spectrometry (ICP-MS)
RSC Sustainability, 2026, 4, 566–577 | 567
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aer digesting in concentrated HNO3 acid at 70 °C. The samples
were characterized for crystallinity using powder X-ray diffrac-
tion (XRD) with a Bruker D8 Discover Microfocus system, with
a Cu Ka X-ray source. Pattern matching and identication were
performed using commercial JADE soware. The samples were
characterized using a ThermoFisher Scientic Apreo 2 scanning
electron microscope (SEM) for morphology and an Oxford
Instruments energy dispersive spectroscopy (EDS) system for
average elemental distribution. The average particle size of the
olivine was determined using a laser-diffraction particle size
analyzer (Bettersizer 2600). The BPMED acid and base were
collected from Ebb Carbon's demonstration system at PNNL-
Sequim,35,36 and characterized for pH (Mettler Toledo Sev-
enCompact) and composition (ICP-OES; PerkinElmer Optima
7300 DV). The olivine feedstock composition and percent
olivine dissolution were determined by ICP-MS (Thermo
Scientic iCAP Q). The olivine leachate was prepared by di-
ssolving 15 g L−1 olivine in BPMED generated acid over a period
of 2 weeks. Residual solid was removed by centrifugation.

2.2. Olivine leaching experiments

The effectiveness of BPMED generated acid to digest olivine was
compared with that of commercial acid by digesting olivine in
an equivalent pH solution of commercial HCl (prepared from
concentrated HCl, Millipore). Olivine was loaded at 2 g L−1 in
50 mL solutions with 0.1 mL aliquots taken from the solution at
the time intervals of 1 hour, 3 hours, 7 hours, and 24 hours to
track the progress of the dissolution. These aliquots were
diluted with HNO3 (nitric acid 70%, Optima™, for Ultra Trace
Elemental Analysis, Fisher Chemical) and ultrapure water (18.2
MU cm) to create 1% HNO3 acid solutions within the calibrated
concentration range of the ICP-MS instrument. A calibration
curve was generated by creating standard solutions of 0.1, 1, 10,
100, and 1000 ppb from a custom Inorganic Standard (HPS-275-
019-250) fromHigh Purity Standards and a Si standard (CGSI10)
obtained from Inorganic Ventures. The Qtegra soware used
this calibration curve to report concentration values for the
measured analytes. The measured concentration values from
the instrument were then adjusted by subtracting the blank and
then multiplying by the dilution factor for each sample to get
the analyte concentration within each sample. Percent disso-
lution was determined for each cation by dividing the observed
concentration by the theoretical maximum concentration
determined from 100% dissolution of olivine. To ensure
consistency of ICP-MS measurements, an internal standard of
100 ppb indium was added to each solution to monitor
instrument dri over the course of the measurement. Further
details of ICP-MS sample preparation and analysis methods are
provided in the SI.

2.3 Generation of Ni- and Mg-rich leachate

Olivine leachate exposure to base was initially monitored by
generating a titration curve up to a pH of ∼6. Titration was
conducted by adding 20 mL of 4 M NaOH (prepared from$98%
reagent grade pellets, Sigma-Aldrich) solution at a time and
allowing the pH to equilibrate between additions. Using this
568 | RSC Sustainability, 2026, 4, 566–577
data, feedstock solutions at pH 2, 3, 4, 5, and 6 were generated
for analysis by ICP-MS while the precipitated solid was analyzed
by powder XRD, SEM, and EDS. Based on the ICP-MS results,
the pH adjustment methods were insufficient to fully remove Fe
without impacting Ni concentration. Further treatment by
heating solution at 80 °C for 6 hours precipitated more Fe,
thereby leaving a solution concentrated in Ni andMg which was
used for Ni recovery via electrodeposition.

2.4 Electrodeposition of Ni

The pH adjusted solution concentrated in Ni and Mg was used
as electrolyte for Ni recovery. Ni electroplating is a well-
established process used at an industrial scale.37 In this study
we use the approach to show the feasibility of going from
mineral to metal. Electroplating experiments used a 3-electorde
cell with a platinum (Pt) strip cathode on which the Ni was
plated, a Pt wire as the counter electrode, and a Ag/AgCl refer-
ence electrode. The voltage was swept between −0.8 V and 0.3 V
vs. Ag/AgCl at a scan rate of 10 mV s−1. The cathode surface was
characterized by X-ray photoelectron spectroscopy (XPS; Kratos
Axis Ultra DLD spectrometer equipped with an Al Ka mono-
chromatic X-ray source (1486.6 eV)) and optical microscopy
(Keyence Digital Microscope VHX-X1).

2.5 Cost-benet analysis

This process utilizes the waste acid stream from the BPMED
process to extract Ni from olivine contained in ultramac ore. A
net benet was calculated based on the total benets from the
Ni product and the total costs of energy, materials, and equip-
ment. The potential for CO2 emission reduction was estimated,
but the benets of carbon credit are not included for the base
case. Note that while there is extensive on-going work on
BPMED-based OAE,38 the technology is still in an early
demonstration phase. The rst-of-a-kind BPMED system used
in this work is focused on careful evaluation of the chemical
and environmental impacts of OAE,39,40 and the release of
alkalinity is restricted to large seawater tanks onshore, and CO2

removal is not tracked. Considering that the BPMED system is
unoptimized, we refrain from estimating overall process energy
efficiency or CO2 removal but rather focus on using it to source
the waste acid. Only a portion (<25%) of the alkalinity is
assumed to be used in the precipitation of Fe as shown in Fig. 1.
As the BPMED system uses natural seawater and has all the
necessary pre-treatment in place for eventual commercial
deployment, the various types of waste and byproducts gener-
ated by the process are representative of future systems and
relevant to our cost-benet assessments.

A potential process to extract Ni from olivine (assumed
60 wt% in ultramac rock ore) is shown in Fig. 1. The Ni
concentration was estimated to be 2726 ppm based on experi-
mental data. The productivity of Ni will be estimated based on
the leaching time (2 weeks) and the overall recovery rate (39%
for the base case, combining the leaching rate, precipitation
rate, and plating rate) of Ni from experiments. The CO2 capture
in the stream containing Mg ions will be estimated based on the
literature data.41 The acid stream for the dissolution of olivine is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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assumed to be provided by the BPMED system without any
other cost except for uid transport through pumps. Estimates
of acid stream use came from published research on BPMED to
generate the alkaline stream and acid stream.42 The voltage of
the Ni plating cell is assumed to be 3.5 V and the Ni recovery rate
is taken from the literature results under this voltage.43 The
electricity consumption for Ni plating was estimated based on
the Nernst equation and current efficiency from the literature.43
3. Results and discussion

Powder XRD patterns (Fig. 2a) of the as received olivine sample
(Fig. 2c) matched with those of a previously reported olivine
containing a Mg to Fe molar ratio of 92 to 8.44 XRD measure-
ments showed no other secondary crystalline phases, although
the broad peaks in the low 2q range suggest poor crystallinity in
the sample that may arise due to impurities. To characterize the
overall sample composition and its Ni content, the as received
olivine was digested in acid and characterized by ICP-MS
(Table 1).

Our analysis shows a Mg to Fe molar ratio of 92.4 to 7.6,
which is consistent with our XRD analysis. Based on the major
cation composition, the approximate molecular formula of the
Fig. 2 Characterization of the olivine powder samples. (a) XRD of olivine
olivine sample of composition Mg1.84Fe0.16SiO4 (PDF# 98-000-3622). (b
graph of the as received olivine powder. (d) Optical image of olivine sam
showing the distribution of Mg, Fe, Si, Ni, and Cr in the sample.

© 2026 The Author(s). Published by the Royal Society of Chemistry
starting olivine is Mg1.84Fe0.16SiO4. In addition to Mg and Fe,
ICP analysis conrmed the presence of Ni, Mn, and Ca. The Ni
present in the sample at 0.27 wt% is a typical concentration for
highly forsteritic olivine which is reported to be between 0.2–
0.4 wt%.45 Given its fairly typical composition, our starting
olivine sample serves as a good representative sample for
investigating Ni extraction potential from olivine, although
higher Ni containing olivine deposits are likely to be preferable
from a process efficiency standpoint.

Particle size distribution of the as received olivine measured
using a laser-based system (Fig. 2b) provided a D90 value of
147.1 mm with a median size of 82.91 mm. This median size is
consistent with the average particle size of 79.6 mm obtained
from analysis of optical microscopy images (Fig. 2d). The
particle size distribution ranged from 1.76 mm to 312.12 mm (see
Table S1). The particle size variability is expected to impact
olivine dissolution rates, with smaller particles undergoing
faster dissolution leaving larger particles behind that will
dissolve at a slower rate. In fact, reducing average particle size is
a common approach to increasing dissolution rates but it
comes with the added energy cost of milling.46 In this proof-of-
concept study we do not reduce the particle size to optimize
dissolution rates.
samples with peak positions shown in gray for the previously reported
) Particle size measurement of the olivine powder sample. (c) Photo-
ple at 10× magnification. (e) SEM image and corresponding EDS maps

RSC Sustainability, 2026, 4, 566–577 | 569
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Table 1 Weight percentage of elements in the olivine sample as
determined by ICP-MS analysis

Element Mg Fe Si Mn Ca Ni

wt% 30.8% 5.80% 19.3% 0.08% 0.08% 0.27%

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 3
:1

1:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
SEM and EDS characterization of the as received olivine
(Fig. 2e) shows that Mg, Si, and Ni are well distributed
throughout the sample with some small regions of higher Fe
concentration. EDS mapping suggests that the Fe-rich regions
correlate with higher concentrations of Cr and lower concen-
trations of Mg and Si, which suggests that the olivine may
contain small quantities of a secondary crystalline chromite
phase (FeCr2O4). Chromium was not detected by ICP-MS
(detection limit of ∼0.01 wt%), which is due to a combination
of very low chromite content and inherent inhomogeneity of the
sample. While we did not detect Cr by ICP-MS in the specic
olivine samples used in this study, Cr release from olivine is an
environmental concern,31 and thus it is important to quantify
and monitor Cr during olivine dissolution, especially when
operating at a larger-scale. Another trace element previously
targeted for extraction from olivine is cobalt (Co).16 Given that
we did not detect any Co by ICP-MS or EDS analysis in our
specic olivine samples, we could not explore its separation, but
note that it may be an element of interest in other olivine ores.

To assess the viability of utilizing BPMED generated acid,
olivine dissolution experiments were conducted in parallel
Fig. 3 Characterization of olivine leachate as a function of time and acid t
left after acid digestion treatments. The ribbon plot comes from the ex
dissolution of Ni from the olivine sample in acid over time. (c) Percent d
dissolution of Fe from the olivine sample in acid over time. (e) SEM image
to BPMED acid for 24 hours. Inset in panels (e) and (f) show higher mag

570 | RSC Sustainability, 2026, 4, 566–577
using both the BPMED acid and commercially sourced equi-
molar HCl. In terms of crystallinity and morphology charac-
terized by XRD, the digestion of olivine in BPMED and HCl had
similar effects (Fig. 3a). In both cases, the peaks in the sample
become sharper and more dened compared to the starting
sample aer 24 hours, indicating a reduction in lattice strain
that may be caused by the removal of small crystallite sizes from
the sample and preferential leaching of defects during the
dissolution experiment. Furthermore, differences in relative
peak intensities were observed, suggesting that certain orien-
tations of the particles undergo dissolution faster than others in
the different acids, resulting in preferred orientation in the
sample. Phase identication returned no new secondary crys-
talline phases aer 24 hours of dissolution and the predomi-
nant phase was identied as forsterite. ICP-MS analysis was
used to track the rate of dissolution for the major metal cations
as shown in Fig. 3b–d. The rate of Mg and Fe dissolution over 24
hours is nearly identical with slightly faster leaching of Fe in
both BPMED and HCl acid. Interestingly, the rate of dissolution
of Ni is faster than that of Mg and Fe. This result is counter to
what is reported in the literature.18,47 As the Ni–O bond in olivine
is shorter, and thus stronger than Mg–O and Fe–O bonds, Ni
dissolution is expected to be slower. Given that the trend
reversal is observed for both BPMED acid and commercial HCl,
this result is likely due to the specic olivine sample studied, as
different olivine sources will have different impurities and co-
occurring phases and the specic Ni impurity type and loca-
tion can alter lattice energy which impacts the relative leaching
rates.48 Beyond the individual element leaching rates, the
ype. (a) XRD patterns of the as received olivine sample and solid residue
pected pattern for Mg1.84Fe0.16SiO4 (PDF# 98-000-3622). (b) Percent
issolution of Mg from the olivine sample in acid over time. (d) Percent
s of olivine sample as received. (f) SEM images of olivine after exposure
nification images.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Precipitates generated by raising pH to the indicated
threshold. (b) Percent of each species retained in the remaining
solution after pH adjustment to the threshold. (c) Measured concen-

Table 2 ICP-MS quantification of cation concentration in leachate after 2 weeks of olivine digestion in BPMED acid

Element Mg Si Fe Ni

Percent dissolution (%) 88.5 � 1.1 76.2 � 1.8 88.9 � 2.2 101.8 � 2.6
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comparison between the rates of BPMED and HCl acid shows
that the BPMED acid leaches olivine at a faster rate than
commercial HCl. Over 24 hours, BPMED acid leaches 37.3%
more Ni, 43.6% more Mg, and 37.9% more Fe than commercial
HCl. The increased rate of dissolution observed with BPMED
acid is likely due to the higher ionic strength of the solution
resulting from the trace amounts of residual salts (Table S2).
Solutions with high ionic strength are known to enhance the
activity coefficient of protons, and thus their reactivity, while
the additional chloride ions have previously been shown to
catalyze the acid leaching process.49–51 To verify this underlying
phenomenon, a dissolution experiment was conducted with
a 4 g L−1 olivine loading in equal-strength HCl (pH 0.4) and
increasing amounts of added NaCl (0, 0.1, and 1 M). Aer 24
hours, the mass of the residual olivine was measured to track
the overall dissolution rates in the different NaCl-added
leachate solutions. The dissolution of olivine was observed to
increase with increasing ionic strength (i.e., NaCl concentra-
tion). The percent dissolution of olivine was measured to be
18.6%, 22.4%, and 23.6% for leachate with 0, 0.1, and 1 M NaCl
solutions, respectively (Table S3). Based on these results, and
enhanced olivine leaching with BPMED acid vs. commercial
HCl, subsequent experiments were solely conducted with
BPMED acid.

To further characterize olivine dissolution, SEM and EDS
imaging was conducted aer 24 hours of exposure to BPMED
acid (Fig. 3e and f). By comparing the SEM images, it is clear
that acid digestion etches the olivine surface as evidenced by
the pits and cracks present on the surface of the sample. In
addition, the smaller olivine particles observed in the as
received sample are completely absent from the digested
sample which further supports the observed difference in the
XRD patterns of the as received and acid treated olivine samples
as the removal of small crystallites by digestion sharpens the
peaks observed in XRD. The EDS mapping of the samples did
not reveal a signicant change in composition aer 24 hours.
Regions rich in Fe and Cr still remain that coincide with
depleted regions of Mg and Si in the 24-hour sample. These
regions are the remnants of the chromite phase detected in the
starting olivine (Fig. S1). Ni itself appears to be well distributed
throughout the sample with no signicant changes observed.

To test the feasibility of extracting Ni from olivine using
BPMED acid, a solution of 15 grams of olivine in 1 L of BPMED
generated acid was le to digest at room temperature for 2
weeks to generate the feedstock. Aer 2 weeks, the residual
solid collected weighed 1.38 grams, suggesting over 90%
dissolution of the starting olivine (Fig. S2). The XRD pattern of
the residual solid (Fig. 3a) indicates a structural change from
the starting olivine, with peak broadening suggesting reduced
crystallite sizes, and a bump in the pattern between 20° and 30°
© 2026 The Author(s). Published by the Royal Society of Chemistry
indicating the presence of signicant amounts of amorphous
phase, likely SiO2. Close analysis of the XRD pattern identied
the crystalline phase as a mixture of magnesioferrite (MgFe2O4)
and enstatite (MgSiO3) (Fig. S3).

The olivine leachate was characterized by ICP-MS to quantify
the different cations released aer the 2-week digestion period
(Table 2). Our data show that 2 weeks is sufficient time to
release nearly all of the Ni contained in the olivine into solution,
even though not all of the olivine is fully digested. To selectively
recover the Ni from solution, the Fe must be removed rst as Ni
and Fe have similar reduction potentials, making it difficult to
reliably electroplate just Ni out of solution. To remove Fe, the
pH of the solution was adjusted from a starting pH of∼1 to a pH
of 6. The precipitates formed by increasing pH to 2, 3, 4, 5, and 6
are shown in Fig. 4a. Adjusting the pH from 1 to 3 induced little
tration of indicated species in the remaining solution.
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precipitation with over 80% of each element still present in the
solution aer the pH adjustment (Fig. 4b). From pH 3 to pH 4,
an appreciable amount of precipitate formed, removing the
majority of the dissolved Si from solution and about ∼30% of
the Fe. This precipitation, however, also removed some of the
leachate (2 vol%) entrapped in the gel that formed (Table S4).
Gel formation continued from pH 4 to pH 5 accounting for an
estimated total loss of 10 vol% of the starting leachate solution.
Given that pH adjustment from 4 to 5 did not signicantly alter
the concentration of Mg and Ni (Fig. 4c), loss of solution volume
to gel formation accounts for most of the observed Ni loss.
Efforts to minimize gel formation via sequential precipitation,
where precipitates are recovered at each pH setpoint, were
tested but did not yield improved results (Fig. S4). Prior reports
on minimizing gel formation in mineral extraction from silicate
rocks have focused on minimizing the amount of dissolved
silicon in solution.52–54 Future optimization of this process will
need to explore ways to minimize this gel formation, both to
minimize loss of Ni and to facilitate easier handling of
feedstock.

Upon further increasing the pH from 5 to 6, solid green
precipitates rich in Fe were obtained. However, not all Fe is
removed from solution at pH 6 as ICP-MS measurements show
that ∼25% of the starting Fe remains in solution (Fig. 4b). Note
that increasing pH from 5 to 6 also leads to loss of Ni, likely due
to co-precipitation with Fe oxyhydroxides. In total, the pH
adjustments to remove Fe and Si from the leachate results in
a loss of ∼35% of the starting Ni, impacting overall Ni recovery.
To mitigate the loss of Ni during the removal of Fe, a recent
study explored the use of solvent extraction.18 However, solvent
extraction has undesirable environmental impacts, so we
explored an alternative approach that does not need additional
chemical inputs. Note that the green Fe precipitates contained
Fe(II), which is highly water soluble, but Fe(II) can be easily
oxidized to Fe(III) which is less water soluble. The Fe(II) to Fe(III)
conversion can occur naturally over time or can be accelerated
by increasing temperature or by adding an oxidizing agent like
Fig. 5 Electrochemical extraction of Ni and Fe from the solution. (a)
Cyclic voltammogram of the Pt electrode in olivine leachate solution
(pH = 5) with different cut-off voltages. Inset optical images at varying
magnifications of Pt electrode after 1 h deposition at −1.0 V vs. Ag/
AgCl. (b) Ni 2p and (c) Fe 2p XPS spectra of the depositied film on the Pt
electrode.

572 | RSC Sustainability, 2026, 4, 566–577
peroxide.55 We used nominal heating of the leachate to accel-
erate Fe(II) oxidation. By heating the solution at 80 °C for 6 h we
were able to remove additional Fe, as indicated by visible
precipitates. Note that when the order of pH adjustment and
oxidation was reversed, visual inspection showed signicantly
lower Fe precipitation. This difference is attributed to the
higher effectiveness of Fe(II) in co-precipitating with Si than
Fe(III). Once precipitated, subsequent removal of Si is achieved
through absorption onto iron oxyhydroxides.56 Through
adjustment of pH to 6 followed by heat treatment, Fe in the
leachate was mostly removed, and the remaining solution
retained ∼84% of the originally dissolved Mg and ∼65% of the
originally dissolved Ni for further processing.

Even with the removal of most major cations in the nal
leachate, the Ni concentration was ∼34 ppm. At this concen-
tration, the chemical precipitation of Ni is challenging due to
low nucleation rates and slow kinetics of precipitation,
contributing to overall unfavorable economics. Electrodeposi-
tion is a well-established technique that can selectively deposit
the dissolved Ni as pure Ni-metal, which can be used in
a diversity of applications. The large electrochemical window
between Ni2+ (Ni2+ + 2e− / Ni, E° = −0.25 V), Fe2+ (Fe2+ + 2e−

/ Fe, E° = −0.44 V), and Mg2+ (Mg2+ + 2e− / Mg, E° = −2.37
V) allows selective removal of Ni and Fe from solutions con-
taining Mg, either as metals or FeNi alloy. As a proof of concept,
Fig. 5a shows the cyclic voltammetry of the leachate solution.
The cathodic peaks at −0.5 V and anodic peak at −0.35 V vs. Ag/
AgCl are attributed to the reduction of Ni2+ and oxidation of Ni,
respectively. The high current ow below −0.8 V is due to
hydrogen evolution and reduction of Fe2+. The strong anodic
peaks at −0.6 V are attributed to the oxidation of Fe during the
cathodic scan. Applying a constant voltage of −1.0 V vs. Ag/AgCl
for 1 h (Fig. S5) deposits a thin layer of FeNi alloy on the surface
of a Pt foil electrode (Fig. 5a inset). The XPS analysis (Fig. 5b and
c) of the electrode conrmed the successful deposition of Ni
and Fe containing species, likely Ni and Fe oxides. Surface
oxidation of metals, especially Fe and Ni is expected and likely
pronounced when the electrodeposits are thin. The composi-
tion of the electrodeposit based on XPS data showed a Ni to Fe
ratio of 1 : 1.37. The Ni to Fe ratio in the alloy product can be
altered through process control (electrolyte composition, pH,
use of electrolyte additives, current densities, etc.).57 For
obtaining pure Ni-metal, the Fe in the electrolyte must be
entirely removed, which can be accomplished using established
solvent extraction methods, but would add to process costs.18 In
comparison, FeNi alloys, like the one recovered here, are suit-
able for the production of stainless steel, which accounts for the
vast majority of Ni usage,58 and are a valuable end-product
(∼$23 per kg−1) from olivine that would not require such
extensive chemical pretreatment for Fe removal.

The electrolyte aer Ni recovery is a Mg-rich solution and can
be used as an alkalinity source for OAE with nominal treatment.
From previous literature, Mg(OH)2 can be used to capture
approximately 1.66 moles of CO2 per mole of Mg.34,59 For the
process discussed here, the amount of CO2 removed if 100% of
the Mg is converted to Mg(OH)2 is ∼0.27 moles of CO2 per liter.
Dissolving more olivine or olivine with higher Mg content can
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Cost-benefit inputs and results for Ni recovery from olivine

Inputs Value

Ultramac ore (t h−1) 35
Olivine in ore 60%
Ni concentration in olivine (ppm) 2726
Ni leaching rate 97%
Ni precipitation rate 65%
Ni plating recovery rate 61.7%
Ni plating current efficiency 15.5%
Ni production (kg per t ore) 0.98
Electricity consumption (kWh per kg Ni) 5.36
Ni-metal price ($ per kg Ni) 31.72

Results Value

Ni production cost ($ per kg) 15.07
CO2 capture (kg per kg Ni) 335
Net benet ($ per t ore) 16.32
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further enhance the CO2 capture potential of the residual Mg-
rich stream.60 Using the Mg-rich stream for OAE also mini-
mizes waste streams generated by the Ni-recovery process.

Having successfully demonstrated the recovery of Ni as FeNi
alloy from olivine, we estimated that the potential Ni produced
from the pathway to be sufficient to support the growing
demand for Ni-metal and Ni-containing alloys in the United
States for more than 90 years (see the SI). For the BPMED-based
Ni extraction presented here, the main benet is from the Ni-
metal or Ni-containing alloy recovery from a non-traditional
Ni source with minimum waste streams generated and
without the need for commodity acid and base solutions. The
main cost is associated with electrical energy for the electro-
plating of Ni, pumping of processing uids, and the equipment
involved in the process. The net economic benet and CO2

capture capacity can be normalized to the mass of a metric ton
of olivine ore, and the production cost of the Ni-metal is esti-
mated by adding the electricity cost (normalized to mass of Ni)
to annualized equipment costs (Table S5). The input parameters
used in the cost-benet analysis are summarized in Table 3. The
Ni plating recovery rate and current efficiency were taken from
the literature.43 Using these parameters, the production cost of
Ni was estimated to be $15.07 per kg Ni which is close to the
current market price of Ni-metal ($16.41 per kg Ni) and lower
Table 4 Comparison of the net benefit of Ni recovery from olivine in di

Case
Ni price
($ per kg)

CO2 credit
($ per t CO2)

Base 31.7 0
High Ni recovery 31.7 0
Low Ni price 16.4 0
CO2 credit

15 31.7 50
Alloy product N/A 0

a The low Ni price was taken from Trading Economics (March 2025).

© 2026 The Author(s). Published by the Royal Society of Chemistry
than its price in 2022 ($31.72 per kg Ni). The CO2 capture
associated with producing 1 kg Ni using the proposed method,
where the Mg-rich stream can be used for OAE, was calculated
to be 335 kg—highlighting the environmental co-benets of this
extraction approach. The net economic benet was estimated to
be about +$16.32 per t ore without accounting for any carbon
credits. While this absolute value seems low, our process which
uses waste acid as a key input results in a +$24 per t ore higher
economic benet compared to a previously reported (−$8.1 per
t ore) process that used commodity chemicals and accounted
for carbon credits.17 For the rst time, our results show
a pathway for net positive economic benet for Ni recovery from
olivine.

Given that this is a proof-of-concept study, and the process
ended with a FeNi alloy, we compared the potential benets of
a couple of alternative scenarios to highlight the potential for
additional economic benets in the future. Taking the case with
parameters shown in Table 3 as the base case, some variations
in the key parameters, including the price and type of the
product, the CO2 credit, and the recovery rate led to different net
benets as shown in the summarized results (Table 4). Addi-
tionally, the higher overall recovery rate for Ni was estimated
based on the assumption that all the Ni in the leachate would be
collected during Ni plating. In the alloy product case, it was
assumed that the product from the electrochemical plating is
FeNi alloy, and the price was obtained online from an interna-
tional vendor. The net benet increases when the recovery rate
of Ni and the potential CO2 removal credit increase. In the
meantime, it is also worth pointing out that the net economic
benet can drop signicantly when the prices of the Ni products
decrease. For the current process, the alloy product case is
closest to what has been shown here. Given that the current
price of Ni is low ($16.4 per kg−1 in 2025), process optimization
to obtain pure Ni-metal would add additional costs without
providing a signicant economic benet. Furthermore, gener-
ating high-purity Ni-metal will require minimizing the incor-
poration of trace metals such as Cr, Mn, and Co which could
increase processing complexity and cost. In comparison, the
FeNi alloy product for stainless steel production tolerates
higher levels of tracemetal impurities while being a comparable
or higher value product ($23 per kg−1).

The net benet values compiled in Table 4 indicate that
under the different scenarios, a net benet of $1.31 per t ore to
$32.76 per t ore can be achieved from the production of Ni or
fferent casesa

Overall recovery
rate

Ni–Fe
alloy ($ per kg)

Net benet
($ per t ore)

0.39 N/A +16.32
0.60 N/A +21.34
0.39 N/A +1.31
0.39 N/A +32.76
0.39 22.6 +7.39
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FeNi alloy in a scaled-up process using equipment that
processes 35 t ore per h. An advantage to the BPMED process is
in the reduction of cost associated with the treatment and
disposal of waste acid. Using the ore processing rate, the cost
savings from averted acid treatment can be estimated. To
process 35 tonnes of olivine per hour, about 1400 m3 of the
BPMED acid would be utilized. Previous estimates for waste
disposal of dilute acid from a chemical industrial park place the
cost of treating dilute acid at $3.79 per m3.61 Utilizing the acid
produced from BPMED for Ni recovery (40 m3 per t ore) averts
$151.6 per t ore in acid waste treatment costs. Furthermore, the
Mg-rich solution that remains aer Ni recovery would require
minimal treatment and neutralization to be a production
stream for Mg(OH)2 and MgCO3, eliminating large volumes of
liquid waste. Overall, the economics of scaling the BPMED
system can be signicantly enhanced by utilizing the waste acid
for ore leaching and mineral recovery.
4. Conclusions

In this study we showed that BPMED-generated acid provides
superior leaching performance compared to equal strength
commercial HCl for digesting olivine. The acid digestion
recovered over 90% of the Ni in the olivine, and with subsequent
pH adjustment and nominal heating removed over 90% of the
initial Fe and Si in solution. The remaining solution rich in Ni
andMg was used to electroplate and recover Ni as a FeNi alloy at
a 39% overall process efficiency. Cost-benet analysis showed
that the net economic benet of recovering Ni from olivine
using the waste acid stream is +$24 per t ore more compared to
the literature. The net benet depends on the price and type of
the product, the CO2 credit, and the recovery rate, all of which
can be improved to produce a higher net economic benet. This
result indicates that our proof-of-concept Ni extraction pathway
could be cost-effective and has the potential to become
a carbon-negative process.

For future work, the process developed here will need to be
optimized and generalized for a wide range of initial olivine
compositions. Increasing the dissolution rate of the olivine can
be a bottleneck and nding the optimal acid strength and solids
loading will be critical to enhancing Ni recovery. If dissolution
rates are an issue, acidic streams in the BPMED system can be
recirculated for longer durations to increase their concentration
to increase the digestion rate of olivine. Another general chal-
lenge would be the effective removal of silica to prevent gel
formation. Investigating novel mixing conditions and opti-
mizing process parameters could minimize silica gel issues.
Further investigating various FeNi alloy compositions and
optimizing electroplating to target higher value Ni alloys may
improve process economics. While signicant opportunities for
optimization remain, Ni-metal recovery as a FeNi alloy from
commercial olivine using waste acid from a demonstration-
scale BPMED system deployed for ocean CO2 sequestration
highlights the feasibility and promise of integrating emerging
technologies to effectively address our sustainable development
and climate goals.
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