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very of high-purity nickel from real
electroplating sludge via optimized leaching–
precipitation process

The Anh Luu, Ai Quynh Nguyen, Van Doan Nguyen and Van Giang Le *

This study presents an integrated process combining inorganic acid leaching and metal precipitation to

recover nickel from real electroplating sludge, offering a sustainable approach suitable for direct

application in production facilities in Vietnam. The leaching step was optimized using 5% H2SO4 at

a solid/liquid (S/L) ratio of 1 : 10, a temperature of 55 °C, and a duration of 40 min, achieving a Ni

leaching efficiency of 99.70% while also enabling the effective dissolution of Fe and other coexisting

metals, thus demonstrating the high overall leaching efficiency of the process. The resulting leachate

was subsequently treated with NaOH to precipitate nickel, with key parameters including pH (2–11), and

initial [Ni]0 concentration (500–4000 mg L−1) systematically examined. Optimal conditions were

identified at pH 9, and an initial [Ni]0 concentration of 2000 mg L−1, yielding a recovery efficiency

greater than 98%. XRD analysis confirmed that the precipitate consisted predominantly of crystalline

NiOOH and Ni(OH)2 with negligible impurity phases. SEM images revealed uniform polyhedral crystals,

and EDX spectra verified nickel as the dominant element with minimal contaminants. Collectively, these

findings demonstrate that the proposed process delivers both outstanding metal recovery and minimal

secondary pollution, providing an economical, environmentally benign, and practical solution for small-

scale industrial treatment of electroplating sludge.
1. Introduction

Electroplating sludge (EPS), a byproduct generated during the
treatment of wastewater containing heavy metals, is classied
as hazardous waste under the regulations of many countries
including Vietnam.1,2 EPS typically contains metals such as Cu,
Ni, Zn, Fe, and Cr, which exist in the form of hydroxides or
oxides within a complex mixture of solids and liquids, accom-
panied by high moisture content (35–92%) and impurities like
Fe, Al, Si, Ca, Mg, and Na.3,4 Some of these metals are present at
high concentrations and are toxic even at low levels, increasing
the risk of soil and groundwater contamination as well as bi-
oaccumulation in the food chain if not treated properly.5,6

Consuming food contaminated with heavy metals has been
shown to cause immunosuppression, reduced fertility, and
acute poisoning when concentrations are high.7

Historically, electroplating sludge has been managed
through landlling or solidication to isolate toxic compo-
nents,8 but these methods are increasingly being reconsidered
due to environmental concerns and the growing recognition of
EPS as a secondary source of valuable metals. In Vietnam, most
of the sludge from nickel plating operations is currently treated
using traditional physicochemical methods, which do not fully
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exploit the valuable metals present in the waste. Alternative
metal recovery approaches, including ion exchange, membrane
ltration, electrochemical techniques, and the use of organic
solvents have been proposed but still face several limitations
such as low recovery efficiency, high operational costs, or
incompatibility with actual industrial conditions in the
country.9,10 Some research has demonstrated that organic
solvents like a-hydroxy sulfonic acid, prop-2-enoic acid, or
decanoic acid can effectively dissolve metals such as Zn, but
their effectiveness is limited by dilution effects due to water in
the sludge.11

Recent trends have therefore shied towards processes that
not only stabilize toxic constituents but also enable the sepa-
ration and recovery of metals such as nickel and iron.12 Among
the available methods, chemical precipitation, which is tradi-
tionally applied for metal removal in wastewater treatment, is
now being repurposed as a practical and cost-effective method
for recovering valuable metals from EPS in the form of solid
precipitates.13 This technique primarily depends on the use of
inorganic or organic acids to dissolve metals.14 For example,
Ahmadabad-based studies demonstrated that ferric phosphate
can be cleanly precipitated from acid-leached electroplating
sludge at ambient temperature (20 °C, pH 1.5–2.0), followed by
nickel recovery reaching 98.7% yield aer separation from Fe
and Cr.15 In another approach, nickel hydroxide can be
precipitated from mixed-metal leachate by adjusting pH to 9
RSC Adv., 2025, 15, 49501–49515 | 49501
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using NaOH, achieving over 85% Ni recovery with high purity.16

Other research has demonstrated that stepwise adjustment of
pH (e.g., precipitating Fe(III) at pH 3–4 while keeping Ni(II) in
solution) enables selective recovery, further tuning using
chelating agents or controlling ionic strength can bolster
selectivity and reduce co-precipitation of impurities.17

To address these challenges, this study proposes an inte-
grated approach combining acid leaching and chemical
precipitation to separate and recover nickel and iron from real
electroplating sludge under conditions that reect the opera-
tional realities of electroplating facilities in Vietnam. The
research focuses on evaluating how the initial physical proper-
ties of the sludge, particularly water content and particle size,
affect the leaching efficiency. It also investigates the perfor-
mance of the separation system by analyzing the inuence of
several key parameters, including the concentration and ratio of
inorganic acids, as well as factors such as reaction time,
temperature, stirring speed, and the S/L ratio. Following
leaching, the present work systematically examines how
precipitation pH (ranging from 2 to 11) and the initial nickel
concentration (500–4000 mg L−1) inuence metal recovery
efficiency and impurity removal. The solid phase obtained from
the precipitation process was analyzed to determine the crys-
talline phases, surface functional groups, and elemental
composition of nickel, iron, and accompanying elements using
XRD and SEM-EDX. The novelty of this work lies in its focus on
real sludge from industrial sources and in the optimization of
precipitation conditions to achieve high metal recovery effi-
ciency while minimizing impurity contamination. The
proposed process is designed to be environmentally sustain-
able, economically viable, and adaptable for small-scale appli-
cation directly within industrial production facilities.

2. Experimental
2.1. Materials

The nickel-containing sludge sample used in this study was
collected from the Binh Nguyen Environmental Development
Joint Stock Company, located in Phu Lang Commune, Que Vo
District, Bac Ninh Province. The sample originated from the
electroplating wastewater treatment process. Aer collection,
visible stones and organic debris were removed. The sludge was
then dried at 105 °C for 2.5 h and gently crushed to obtain
a homogeneous powder. The prepared samples were properly
sealed and stored under controlled conditions to preserve their
integrity for subsequent analyses. The XRD spectrum of the
original Ni-containing sludge is shown in Fig. S1, while the
elemental composition of the sludge is summarized in Table S1.
Broad diffraction bands characteristic of an amorphous struc-
ture are observed, along with several weak peaks that may
correspond to CaCO3 and CaSO4. No distinct diffraction peaks
of crystalline metal compounds were detected, suggesting that
metal elements such as Ni are predominantly present in
amorphous forms (e.g., Ni(OH)2, Fe(OH)3, Al(OH)3), which are
difficult to identify clearly by XRD.

Prior to the leaching experiments, 0.25 g of the dried sludge
was digested in a mixture of concentrated HNO3 and HCl using
49502 | RSC Adv., 2025, 15, 49501–49515
a microwave-assisted acid digestion procedure (Milestone
ETHOS UP, 1900 Wmaximum power) equipped with PTFE-TFM
vessels (100 mL capacity, maximum pressure 100 bar). The
digestion was performed at 180 °C and 40 bar for 90 min
(15 min ramp and 75 min hold). The digestate was ltered
through a 0.45 mm membrane and analyzed by inductively
coupled plasma mass spectrometry (ICP-MS, Thermo Fisher
Scientic). Metal standards (1000 mg L−1, 23 elements) were
used for calibration and deionized water with resistivity >18.2
MU cm was used throughout. The overall experimental proce-
dure for acidication, ltration, and ICP measurement is
illustrated in Fig. S2, while the sludge samples before and aer
digestion, as well as the digestate solution are shown in Fig. S3.

Water content and particle size distribution were investi-
gated by drying pre-weighed containers and sludge samples at
various temperatures (room temperature, 70 °C, 105 °C, and 150
°C) with time intervals ranging from 0.5 to 46.0 h. Each
container and its lid were pre-dried at 105 °C for 2 h and cooled
in a desiccator for at least 45 min before weighing. A set of
sludge samples with targeted water levels (5%, 10%, 20%, 30%,
and 40%) was then prepared for leaching experiments to iden-
tify the optimal water content for maximum metal recovery. To
assess the effect of particle size, dried sludge with the optimal
water condition was ground and sieved into six fractions: <0.15
mm, 0.15–425 mm, 0.425–1.18 mm, 1.18–2.0 mm, and 2.0–5.6
mm. Each 50 g sludge sample was leached with 5% HCl at a S/L
ratio of 1 : 10 for 1 h under magnetic stirring at 200 rpm and
ambient temperature. For inorganic acid digestion, experi-
ments were carried out using different acids, including H3PO4,
HCl, HNO3, and H2SO4 at concentrations ranging from 5% to
20%. The experiments were conducted for 1 h at room
temperature with a S/L ratio of 1 : 15 and magnetic stirring at
200 rpm. Based on the most effective acid, the study further
assessed the performance of the inuence of the S/L ratio was
investigated at values of 1 : 5, 1 : 8, 1 : 10, 1 : 12, and 1 : 15. The
effects of temperature and reaction time were systematically
studied at 45, 55, 65, and 75 °C, with sampling at 15, 30, 45, 60,
75, 90, and 120 min. Aer each experiment, the leachate was
acidied to prevent precipitation before metal concentration
analysis. Following leaching optimization, a precipitation
process was performed for the recovery of nickel from the
leachate. The pH of the ltrate was adjusted by dropwise
addition of NaOH solution under continuous magnetic stirring
at 250 rpm. The initial nickel concentration in the solution was
adjusted between 500 and 4000 mg L−1. The precipitates were
subsequently characterized to determine phase composition
and nickel recovery efficiency. Each experimental step including
leaching and precipitation was repeated three times to verify the
reproducibility of the data.
2.2. Reagents and chemicals

Chemicals including hydrochloric acid (HCl, 36%), nitric acid
(HNO3, 65%), sulfuric acid (H2SO4, 98%), phosphoric acid
(H3PO4, 99%), and sodium hydroxide (NaOH, 99%) were all of
analytical grade and obtained from Merck or equivalent
suppliers. Ultrasonic cleaning baths, magnetic stirrers (AREX
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Digital, Velp), drying ovens, and sieving equipment were used to
support solid preparation, metal leaching, and moisture
control. All analytical procedures and metal quantication were
carried out at the Laboratory of Environmental Resources and
Analysis, Vietnam National University, Hanoi, which is certied
under Vimcerts 327 by the Ministry of Natural Resources and
Environment.
2.3. Analytical methods

The pH values were manually determined using a portable
meter (model TS-110, Suntex, Taiwan). The quantication of
metal elements was conducted via inductively coupled plasma
mass spectrometry (ICP-MS), using the iCAP RQ instrument
from Thermo Fisher Scientic. For ammonium (NH4

+) and
phosphate (PO4

3−) concentration measurements in both
inuent and effluent samples, analyses were performed based
on the SFS-EN ISO 6878 standard method employing a ow
injection analyzer (FIA, Lachat Instruments 5600, Colorado,
USA). The crystalline structure of the dried granules was char-
acterized using X-ray diffraction (XRD), performed on a Rigaku
RX III diffractometer (Japan). The scans were recorded using
CuKa radiation (40 kV, 30 mA), ranging from 10° to 90°, with
a step size of 0.05° and a dwell time of 0.5 seconds per step. The
surface morphology of the granules was visualized via scanning
electron microscopy (SEM) using a Hitachi SU8010 microscope
(Japan). Prior to imaging, the samples were coated with a thin
layer of platinum using a JFC-1600 sputter coater (JEOL).
Additionally, an energy-dispersive spectrometer (EDX, LINKS
AN10000/85S, Japan), attached to the SEM system, was
employed to investigate the elemental composition and surface
functional groups of the materials.
3. Results and discussions
3.1. Effect of drying temperature

The effect of drying temperature on the efficiency of water removal
over time is depicted in Fig. S4. The data clearly show that higher
temperatures lead to signicantly faster andmore complete water
removal from the material. At 24 °C, the drying process is slow
Fig. 1 Effect of (a) water content and (b) particle size on Ni, Fe, Cr, and Al l
from three replicates.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and incomplete with water removal reaching only 42.0% even
aer 24 h. In contrast, with this same time period at 70 °C, the
sample reaches about 54.83% water loss and plateaus aerward.
When the temperature increases further to 105 and 150 °C, the
drying rate becomes almost instantaneous, achieving over 54%
water removal in less than 2.5 h with no signicant increase
observed with longer drying time. The above behavior is consis-
tent with fundamental drying theory, where higher temperatures
increase the vapor pressure of water, enhance thermal conduc-
tivity, and reduce the relative humidity of the surrounding air, all
of which promote faster evaporation.18 Moreover, the steep drying
curves at 105–150 °C indicate that the material primarily
undergoes constant-rate drying at the beginning, followed by
a rapid transition into the falling-rate period, in which bound
water becomes dominant.19 Although higher temperatures
improve drying efficiency, the marginal gain between 105 and
150 °C is negligible, suggesting that temperatures above 105 °C
may be thermally excessive, especially when considering energy
consumption and potential changes in material structure.
Therefore, a drying temperature of 105 °C may be considered
optimal in balancing speed, efficiency, and thermal safety.
3.2. Effect of water content

The effect of water on the leaching efficiency of metals is shown
in Fig. 1(a). The results indicate that the leaching efficiency
decreases signicantly as the sample water increases from 5%
to 56%. At 5–12% water content, the leaching efficiency
remained stable at 99.70% for Ni and 98.20% for Fe. Under the
same conditions, Cr and Al also reached very high values, 92.79–
98.85% and 95.0–96.10%, respectively, indicating almost
complete solubility at low water content. Nonetheless, at 42.5%
water content, the corresponding drops were to 56.50% and
66.05%, respectively, whereas Cr recorded a more pronounced
decrease, dropped to 78.35% and Al reached 69.17% lower than
both Ni and Fe, reecting the greater sensitivity of aluminum to
increased water content in the sample. Then, these values
remained almost unchanged at 56% water with corresponding
efficiencies of 55.80%, 59.67%, 51.86%, and 50.05%, respec-
tively. The above trend clearly shows the hindering effect of
eaching efficiency. Error bars indicate the standard deviation calculated

RSC Adv., 2025, 15, 49501–49515 | 49503
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excess water in the reaction environment. At high water, excess
water can dilute the leaching agent and reduce the concentra-
tion of protons or complexing species. This limits the effective
contact between the solid and the leaching solution. Further-
more, water may slow the diffusion of metal ions from the solid
to the liquid phase, especially in systems governed by diffusion
mechanisms such as the shrinking-core model. Notably, while
the efficiency loss for Fe was greater than that for Ni at almost
water content levels, both Cr and Al also exhibited pronounced
declines, with Al showing the lowest leaching efficiency overall,
indicating that all four metals are strongly inhibited under high
water content conditions.20 The above result suggests that iron
is more sensitive to humid conditions, possibly due to the
formation of insoluble oxide layers or less favorable mineral
structures. These ndings highlight the importance of
pretreatment steps, such as drying or dehumidifying the
sample, to ensure high recovery rates in sludge or moist solid
leaching processes.
3.3. Effect of particle size

Fig. 1(b) shows a clear trend that when the particle size decreases
from about 2–5.6 mm to 0.15–0.425 mm, the Ni leaching effi-
ciency rises signicantly by approximately 17% and exceeds 95%
at the smallest size. Specically, particles of 0.15–0.425 mm
achieve efficiencies of 99.62% while larger particles around 2–
5.6 mm reach only 83.17%. Similarly, Cr and Al also exhibit
Fig. 2 Effect of (a–d) concentration of acid on the metals leaching effic
replicates.

49504 | RSC Adv., 2025, 15, 49501–49515
improved efficiencies at ner sizes, reaching 99.45% and 96.12%
at 0.15–0.425mm, compared to 75.91% and 73.07% at 2–5.6mm,
respectively. This improvement is due to the increased specic
surface area and faster reaction rate, which align with the
shrinking core model and diffusion-controlled mechanisms.
Parhi et al. (2013) also demonstrated that under leaching
conditions of 323 K and 1 M HCl, nickel was almost completely
dissolved (99.9%) within two hours, while the co-dissolution of
aluminumwas limited to about 1%.21Meanwhile, iron is the least
sensitive to particle size, yet still benets from size reduction,
achieving 95.78% separation at 0.15–0.425 mm and falling to
70.01% in the coarsest fraction (2–5.6 mm). A comparable
decreasing trend was also observed for Cr and Al, which although
exhibiting higher extraction efficiencies at ner particle sizes,
experienced substantial declines in the coarse fraction. The
aforementioned trend is consistent with diffusion-controlled
shrinking-core mechanisms previously reported for iron oxides
in ne particles, and highlights the signicant inuence of
particle size on nickel dissolution behavior.22,23 These results
indicate that reducing particle size signicantly enhances the
overall leaching efficiency. However, further decreasing the
particle size below 0.15 mm, despite providing slightly higher
dissolution rates, would require substantially greater energy
input during grinding. Therefore, a particle size range of 0.15–
0.425 mm was selected as an optimal balance between leaching
efficiency and energy consumption.
iency. Error bars indicate the standard deviation calculated from three

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4. Effect of various acidifying agents

The results presented in Fig. 2(a–d) show a clear effect of acid
concentration on the leaching efficiency of Fe, Ni, Cr, and Al
metals in electoplating sludge under the investigated condi-
tions of 60 min, S/L of 1/15, and stirring speed 200 rpm. In
Fig. 2(a), the Fe leaching efficiency increases rapidly when the
acid concentration increases from 2% to 8%, especially when
using strong acids such as HCl, H2SO4, and HNO3. Notably, the
efficiency reaches over 95% at a concentration of 10% and
almost completely (>98%) at 12% or higher. In contrast, the
leaching efficiency with H3PO4 was only about 84.87% even at
20% acid concentration, clearly indicating that the weak acidity
and low dissociation capacity of H3PO4 are insufficient to
provide the amount of H+ ions needed to break the Fe oxide
lattice structure. This mechanism is consistent with previous
work on iron oxide dissolution with phosphoric acid, which
showed limited dissolution under moderate conditions.24 In
contrast, H2SO4 only reached 46.12% under the same condi-
tions, emphasizing the role of acid strength and complexation
ability in the leaching of base metals such as Fe and Al.
Meanwhile, Fig. 2(b) illustrates the leaching yield of Ni, which
exhibits a similar increasing trend and reaches an optimal value
at a 10% acid concentration when using strong acids. Speci-
cally, HCl, H2SO4, and HNO3 achieved yields of 99.90%, 98.76%,
and 99.91%, respectively, whereas H3PO4 only reached approx-
imately 65.24% even at a concentration of 10%. The higher
leaching yield of Ni compared to Fe under identical conditions
indicates its greater chemical reactivity in acidic media and is
further supported by previous ndings. Specically, Ali et al.
(2023)25 reported that leaching Ni from abraded nickel alloy
using 3MHCl resulted in nearly 100% yield aer 60min at 100 °
C, following the ‘shrinking core’ model in which diffusion
through the solid product layer controls the reaction rate.

The results in Fig. 2(c) demonstrate that Cr leaching effi-
ciency is strongly dependent on acid concentration, with both
the trend and absolute values varyingmarkedly among the acids
tested. At 2% concentration, the efficiency remains very low,
reaching only 4.67% with H3PO4, 18.50% with HNO3, 30.15%
with H2SO4, and 48.58% with HCl. Increasing the concentration
to 5% causes a sharp rise in the metal leaching with HCl
88.49%, H2SO4 80.99%, and HNO3 87.23% whereas H3PO4

reaches only 21.87%. At double or higher concentrations, Cr is
almost completely leached by HCl, H2SO4, and HNO3 (all above
93%), while H3PO4 plateaus at about 83.23%. These disparities
reect differences in acid strength and H+ dissociation capacity:
strong acids generate high proton activity that can break the
stable Cr2O3 lattice and release Cr3+ into solution, especially
under agitation, whereas H3PO4 as a weak acid has limited
dissociation and thus insufficient proton supply to attack Cr2O3

effectively. This mechanistic interpretation is supported by
broader reviews of hydrometallurgical extraction, which
emphasize that stronger inorganic acids more effectively solu-
bilize metal oxides and overcome thermodynamic stability
barriers.26 Furthermore, Cr2O3 is known for its high thermal
and chemical stability under acidic environments,27 so only
sufficiently strong acid environments can efficiently dissolve it.
© 2025 The Author(s). Published by the Royal Society of Chemistry
As illustrated in Fig. 2(d), aluminum exhibits higher leaching
efficiency than chromium, with both metals showing enhanced
dissolution under stronger acidic conditions. At a concentra-
tion of 2%, the Al leaching efficiency remains low with values of
4.67% for H3PO4, 18.50% for HNO3, 30.15% for H2SO4, and
48.58% for HCl. When the concentration increases to 5%, these
value rises sharply to 88.49%, 80.99%, and 87.23%, respectively,
whereas H3PO4 is still limited to 21.87%. At concentrations
doubled or higher, the Al removal with strong acids is nearly
complete with HCl reaching 93.27% to 93.58%, H2SO4 reaching
96.64% to 98.96% and HNO3 reaching 97.65% to 98.02%,
whereas H3PO4 achieves only 83.23% at 10% and approaches
95.12% at 20%. The above behavior reects the amphoteric
character of Al2O3, whose crystal lattice is readily attacked by
protons in a strong acidic environment, which facilitates the
release of Al3+ ions into solution. The presence of Cl−, SO4

2−,
and NO3

− anions also promotes the formation of stable
aqueous complexes with Al3+ that stabilize the dissolved species
and enhance the overall leaching process as reported in
previous studies of aluminum dissolution in mineral acids.28

This is consistent with the research results of Jha et al.,29 who
showed that HCl and H2SO4 are effective solvents for separating
Al from metallurgical sludge, thanks to the combined mecha-
nism of protonation and ion complexation in solution. In
addition, the solution (diluted 100 times) aer leaching with
H2SO4 at concentrations of 2 – 5 – 10 – 15 – 20% is depicted in
Fig. S5.

Taken together, the results indicate that acid concentration
is a key parameter governing the leaching efficiency, especially
for transition metals. Strong acids such as HCl, H2SO4, and
HNO3 demonstrate high extraction efficiency at concentrations
of 10% while H3PO4 remains considerably less effective across
all tested levels. It should be noted that using highly concen-
trated acids is not preferred when developing large-scale metal
recovery processes. Such acid solution concentrations can lead
to signicant corrosion of equipment that comes into direct
contact with the acid, necessitating frequent maintenance or
replacement. Moreover, the leaching process may be further
complicated by the release of metal impurities, thereby
affecting the efficiency of downstream ltration.30,31 In efforts to
optimize the leaching process for metal recovery from electro-
plating sludge, H2SO4 at a concentration of 5% was selected as
the primary leaching reagent, owing to its high extraction effi-
ciency for key metals such as iron (Fe) and nickel (Ni). These
ndings align with those reported by Kurniawan et al., who
identied H2SO4 as an effective and cost-efficient agent for
leaching heavy metals from electrochemical waste materials.32

Intending to develop a cost-effective process for Ni recovery, this
study prioritized the use of common dilute acids rather than
expensive or highly concentrated alternatives from the outset.
3.5. Effect of S/L ratio

The ratio between the mass of electroplating sludge and the
volume of acid solution signicantly inuences metal leaching
efficiency. As shown in Fig. 3(a), increasing the S/L ratio from 1 :
5 to 1 : 8 results in a sharp improvement in the leaching
RSC Adv., 2025, 15, 49501–49515 | 49505

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08573j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

5:
41

:4
7 

A
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
efficiency. Specically, the recovery of Fe increased from 35.30%
to 94.33%, while that of Ni rose from 74.93% to 98.96%. In
contrast, the separation efficiencies of Al and Cr exhibited
a more pronounced improvement, increasing sharply from
55.6% and 51.0% at an S/L ratio of 1/5 to above 93% when the
ratio was reduced to 1/8–1/10, beyond which the values tended
to stabilize. With further increases in acid volume, the leaching
efficiencies of Fe and Ni reach a plateau and remain relatively
unchanged. The limited enhancement observed at higher S/L
ratios is mainly due to the insufficient concentration of H+

ions, which play a crucial role in dissolving metal oxyhydro-
xides, the primary components of electroplating sludge.33
Fig. 3 Effect of (a) S/L ratios and (b–e) temperature and duration time
calculated from three replicates.

49506 | RSC Adv., 2025, 15, 49501–49515
Moreover, a low solution volume restricts the diffusion of metal
ions from the sludge surface, reducing the completeness of the
separation process. Under these conditions, the local pH may
also increase due to the dissolution of products, which inhibits
complex formation and the breakdown of the protective oxy-
hydroxide layer on iron and nickel. In contrast, a larger acid
volume ensures an acidic environment with an abundance of H+

ions, which accelerates the dissolution reaction.34 The dissolu-
tion reaction mechanism follows the “shrinking-core” model
and is governed by the diffusion rate through the solid product
layer, as summarized in the overview studies on metal leaching
kinetics33 and experimental applications in laterite ore.35 Recent
on the leaching efficiency. Error bars indicate the standard deviation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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studies such as Ibrahim et al.36 also conrmed that the
optimum Ni extraction efficiency was obtained at 45–60 min
and S/L around 1/10, while excessive time or high S/L resulted in
a decrease in reaction efficiency due to product membrane
regeneration. Furthermore, a specic study onMorowali laterite
ore (Li et al. 2022) noted that with decreasing S/L and increasing
time, Ni yield increased but exceeding 60 min or high S/L (i.e.,
too much solid) would reduce yield due to slow diffusion rate
and lack of protons in the solution.37 These results indicate that
a leaching time of 60 min combined with an S/L ratio of 1/8–1/
10 provides the optimal condition for metal extraction from
wastewater sludge using mixed acids, thereby offering valuable
guidance for the design of efficient and sustainable industrial
recovery processes.38
3.6. Effect of reaction time and temperature

Reaction time and temperature are critical factors that directly
inuence metal leaching efficiency in solid–liquid systems. As
depicted in Fig. 3(b), the leaching efficiency of Fe increases
progressively with both reaction time and temperature, partic-
ularly evident during the initial phase. At 45 °C, which corre-
sponds to typical room-temperature stirring conditions, Fe
leaching reaches 58.50% aer 15 min and rises to 96.10% aer
60 min. Beyond 60 min, the increase in efficiency is minimal,
indicating that prolonged time has a limited additional effect.
This behavior suggests that most of the kinetically accessible Fe
species are rapidly solubilized during the early stage, while the
remaining fraction is either strongly bound within the solid
matrix or controlled by slower diffusion processes through the
pores.39,40 The obtained results suggest that the reaction does
proceed, but at a relatively slow rate, which is consistent with
a transition from a chemically controlled regime to a diffusion-
limited regime as the leaching progresses.41 When the temper-
ature was raised to 55 °C, Fe recovery remained modest at
76.10% aer 15 min but exceeded 96% at 60 min, underscoring
the crucial role of thermal activation in accelerating both the
complexation between Fe ions and the leaching agents and the
mass transfer across the solid–liquid interface. At higher
temperatures of 65 °C and 75 °C, Fe leaching reaches over 95%
aer just 30 min and remains nearly constant thereaer. This
plateau suggests that equilibrium is quickly established, and
further increase in time contributes little to leaching effi-
ciency.42 However, even at 75 °C, the maximum efficiency does
not exceed 96.5%, implying that a portion of Fe may be bound
in insoluble forms such as phosphates or oxalates, which
restrict complete leaching. Based on these results, 65 °C
appears to be an optimal temperature, balancing high efficiency
with reasonable energy consumption, while also ensuring that
kinetic limitations are sufficiently overcome without excessive
thermal input.

In contrast, the leaching behavior of Ni is signicantly more
favorable under all tested conditions (Fig. 3(c)). At 45 °C, Ni
recovery reached 95.42% aer 45 min and further improved to
99.64% at 60 min. When the temperature was raised to 55 °C,
the recovery exceeded 99% within 45 min. A subsequent rise of
10–20 °C accelerated the process even more, yielding 99.71–
© 2025 The Author(s). Published by the Royal Society of Chemistry
99.90% dissolution within 30–60 min and conrming the rapid
and nearly complete leaching of Ni. This notable difference
between Ni and Femay arise from the higher susceptibility of Ni
compounds in plating sludge to protonation or complexation
while Fe tends to form less soluble salts that inhibit dissolu-
tion,43 as observed in ultrasonic sulfuric acid leaching of nickel
residues, where Ni leaching was diffusion-controlled through
the product layer at lower temperature but rate increased
steeply with temperature.44 For Cr and Al, the results in Fig. 3(d
and e) show that the dissolution efficiency depends strongly on
both reaction time and temperature. At 45 °C, Cr reaches only
about 42.12% aer 15 min and gradually increases to 92.34%
aer 60 min. When the temperature is raised to 55 °C, the
efficiency reaches 70.54% at 15 min and nearly 97% aer
60 min. At 65 °C and 75 °C, Cr exceeds 95% within 30 min and
stabilizes at nearly 98% by the end of the experiment. These
observations suggest that stable Cr3+ phases or insoluble oxide
or hydroxide layers may slow proton diffusion and surface
reactions, which similar to ndings on Cr(OH)3 oxidation and
dissolution kinetics where diffusion through the oxide/
hydroxide barrier is rate-limiting.45 Aluminum follows
a similar pattern but dissolves more slowly at lower tempera-
tures. At 45 °C, the yield is about 25.08% aer 15 min and
increases to 84.65% aer 60 min. When the temperature is
raised to 55 °C, the yield reaches 60.63% at 15 min and exceeds
90% aer 60 min. At 65 °C and 75 °C, Al dissolves rapidly,
reaching more than 95% within 30 min and remaining nearly
constant until the end of the reaction. The pronounced increase
in yield with increasing temperature conrms that diffusion
through the product layer, such as Al(OH)3 or Al-oxalate, is the
rate-limiting step and that this process is strongly enhanced as
the solution viscosity and increased diffusion coefficient, anal-
ogous to kinetic acid leaching studies where temperature rise
reduces the resistance of the diffusion barrier and accelerates
metal dissolution.44 In addition, the correlation between
temperature and leaching efficiency at 15 min was also con-
structed to further clarify the metal dissolution behavior in the
early stage, and these correlation graphs are presented in
Fig. S6. The leaching process in this system is a heterogeneous
reaction that occurs at the interface between the solid samples
and the acid solution. It typically involves three main steps: (i)
diffusion of protons (H+ ions) toward the solid surface, (ii)
a chemical reaction at the interface between the acid and the
metal species, and (iii) diffusion of reaction products away from
the solid–liquid boundary layer. An increase in temperature
enhances the kinetic energy of the molecules, thereby
increasing the frequency and effectiveness of collisions between
H+ ions and the solid surface. This promotes faster reaction
rates. The relationship between temperature and reaction rate
can be quantitatively described by the Arrhenius equation:46

K = Ae−Ea/(RT) (1)

In which: K is the reaction rate constant, A: Arrhenius coeffi-
cient, Ea: activation energy, R: gas constant, and T: absolute
temperature.
RSC Adv., 2025, 15, 49501–49515 | 49507
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In addition, elevated temperatures reduce the viscosity of the
solution and enhance the diffusion coefficient, thereby facili-
tating the mass transport of hydrogen and metal ions in the
liquid phase.47 This effect is particularly signicant in electro-
plating sludge systems, where diffusion through the surface
product layer, such as insoluble oxides or salts, oen consti-
tutes the primary rate-limiting step in the leaching process.
However, when the temperature exceeds the optimal range,
undesirable side reactions may occur, including the oxidation
of ferrous ions (Fe2+) to ferric ions (Fe3+), which are substantially
less soluble in acidic media.48 Accordingly, selecting an appro-
priate temperature is crucial not only for accelerating reaction
kinetics but also for enhancing metal recovery efficiency and
minimizing adverse effects on the chemical system and pro-
cessing equipment. This observation aligns with previous
ndings, whereas Hidayat et al.49 reported that the leaching
efficiency of nickel increased rapidly within the rst 30 to
60 min and gradually reached a steady state thereaer. These
results suggest that the leaching process approached a dynamic
equilibrium aer approximately 30 min at 65 °C, at which point
the solubility of the metals had nearly reached its maximum
under the experimental conditions.
4. Precipitation performance
evaluation
4.1. Effect of pH

The results of metal recovery as precipitates demonstrate that
pH is a decisive parameter for both selective separation effi-
ciency and the kinetic mechanism of the process (Fig. 4(a–d)).
In the low pH range (2–4), Fe, Al, and Cr were readily solubilized
but subsequently precipitated due to the high solubility and
rapid supersaturation of their hydroxides. A sharp increase in
recovery was observed as the pH rose from 2.0 to 4.0, with Fe, Al,
and Cr recoveries improving from 43.0%, 15.9%, and 17.2% to
nearly 100%, 89%, and 65%, respectively. In contrast, Ni
predominantly persists in solution as stable Ni2+ ions, and its
recovery remains negligible in this region, only 13.9–19.4%.
Fig. 4 Effect of (a) pH (−) and (b) [Ni2+]0 concentration on the nickel pr
three replicates.

49508 | RSC Adv., 2025, 15, 49501–49515
When the pH increases to about 5–6, Fe and Al precipitate
completely (100% recovery) while Cr also exceeds 94%, thereby
removing most of these metals from solution. At the same pH,
the recovery of Ni remains relatively low with only 24.2% at pH
4.5 and 46.4% at pH 6, because the saturation threshold
required for hydroxide precipitation has not yet been reached.
In the pH 4–6 range, Fe, Al, and Cr are fully precipitated as their
respective hydroxides, which possess extremely low solubility.
The resulting inorganic sludge is subsequently collected,
thickened, and subjected to appropriate stabilization/
solidication treatments to ensure environmental safety.
Owing to the strong immobilization capacity of Fe–Al–Cr
hydroxide matrices, the re-dissolution of metal ions is effec-
tively prevented, minimizing the risk of secondary contamina-
tion. Additionally, depending on process conditions, this sludge
streammay be considered for reuse as a Fe–Al-rich auxiliary raw
material source. The claried supernatant at this stage con-
tained mainly sulfate species with negligible dissolved metals,
indicating that aer proper pH adjustment it could be reused as
the extraction medium in subsequent cycles, thereby reducing
fresh acid/alkali consumption and wastewater generation.
Although impurity accumulation and long-term stability were
not assessed in this study, future work should examine how
recirculation inuences proton availability, metal dissolution
kinetics, and overall process efficiency. Subsequently, nucle-
ation and crystal growth of Ni occur only at pH $ 7.5, where its
recovery sharply rises to 84.6% and then approaches 100% at
pH $ 9 in the form of pure Ni(OH)2. This is consistent with the
very small solubility product constant of Ni(OH)2 (Ksp z 2.0 ×

10−15 at 25 °C).50 The precipitation process can be divided into
three main stages: (i) solution supersaturation when the OH−

concentration becomes sufficiently high, (ii) nucleation
through the formation of amorphous Ni(OH)2 clusters, and (iii)
subsequent crystal growth until a steady state is reached. In
addition, co-precipitation of Ni with Fe and Al hydroxides,
which precipitate at lower pH values, may occur and signi-
cantly inuence both the precipitation kinetics and the purity of
the nal product. These observations are consistent with
previous reports. Mubarok (2013) obtained Ni yields up to
ecipitation. Error bars indicate the standard deviation calculated from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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99.9% at pH 9 in a sulfate medium.51 Sist and Demopoulos
(2010) highlighted the role of supersaturation and stirring
speed in controlling nucleation and the growth kinetics of
Ni(OH)2.52 Mavis (2003) showed that longer digestion times
allowed amorphous Ni(OH)2 to transform into stable b-Ni(OH)2
crystals, thereby improving both purity and lterability.53 More
recently, Shekarian et al. (2025) demonstrated that optimal
precipitation of Ni requires a higher pH than other metal
species, typically within 9–10.5, and emphasized kinetic control
through alkali addition rate and agitation conditions to mini-
mize impurity co-precipitation.54 Thus, the present ndings not
only align with international research trends but also clarify the
nucleation-growth mechanism and the crucial role of super-
saturation in achieving pure Ni recovery. These insights open
up opportunities to optimize multi-stage precipitation tech-
nology for the treatment of electroplating sludge.
4.2. Effect of initial [Ni2+]0

The effect of the initial [Ni2+]0 concentration in the range of
500–4000 mg L−1 was investigated, and the precipitation effi-
ciency remained consistently high, between 99.26% and
99.44%. This indicates that Ni2+ ions were almost completely
removed from the solution across the studied range. The results
demonstrate that variations in the initial [Ni2+]0 concentration
exerted little inuence on the overall removal efficiency,
provided that the pH was maintained under optimal conditions
to ensure sufficient supersaturation for nucleation and crystal
growth. This behavior suggests that the precipitation process is
primarily governed by the supersaturation state of the system,
which depends on the relative ion activity and pH, rather than
the absolute [Ni2+]0 concentration. Previous studies have also
reported that Ni2+ precipitation efficiency can exceed 97–98%
even at elevated concentrations when these parameters are
properly controlled. For example, Salcedo et al. (2015) showed
that the precipitation of Ni2+ in a pellet reactor with initial
concentrations between 200 and 300 mg L−1 still achieved
efficiencies above 97% under conditions of excess hydroxyl and
optimal pH.55 Similarly, Abdel-Aal (2000) demonstrated that
increasing the initial [Ni2+]0 concentration during metal
precipitation can affect the size and morphology of the
Fig. 5 XRD patterns of (a) Ni wastewater sludge samples before and aft

© 2025 The Author(s). Published by the Royal Society of Chemistry
precipitate particles, but did not reduce the removal efficiency
as long as supersaturation was maintained.56 Collectively, these
ndings conrm that the decisive factor for achieving high
precipitation efficiency is not the absolute [Ni2+]0 concentration,
but rather the maintenance of an appropriate anion/cation ratio
and pH, which govern the supersaturation state and crystalli-
zation kinetics.
5. Characterization

The XRD pattern of the leached Ni-bearing wastewater sludge
exhibits numerous well-dened reections within 2q = 30–65°,
indicative of multiple oxide and spinel phases typical of metal-
rich residues (Fig. 5a). Intense peaks at 36.7° and 43.3° are
indexed to the (111) and (200) planes of NiO (JCPDS 47-1049),
consistent with previously reported NiO patterns.57 Additional
reections at about 35.6° and 57.0° correspond to the spinel
structure of NiFe2O4, as commonly observed in Ni–Fe ferrites.58

Secondary peaks between 33.5° and 36.5° match the charac-
teristic reections of Cr2O3,59 while broad features in the ranges
24–33° and 49–64° indicate the presence of Fe2O3 (hematite),
a frequent component of iron-rich sludge.60 Weak peaks near
31–32° and 50–55° suggest contributions from CaAl2O4 and
related aluminate phases, consistent with the initial Ca and Al
content.61 The presence of these oxide and spinel phases
conrms that, although the leaching process effectively
removed soluble and amorphous fractions, a portion of highly
stable crystalline oxides such as NiO, Fe2O3, and NiFe2O4

remained in the residue. These species are chemically inert
under ambient conditions, posing minimal environmental risk,
and their persistence simply reects the incomplete dissolution
of refractory mineral phases rather than insufficient leaching
efficiency. To further enhance metal recovery, additional treat-
ments such as reductive leaching, sequential acid extraction, or
mechanochemical activation could be employed to facilitate the
dissolution of these refractory oxides. A macroscopic image of
the green nickel precipitate obtained under optimal precipita-
tion conditions is shown in Fig. S7, conrming the character-
istic color of Ni(OH)2 and NiOOH prior to further structural
analyses.
er leaching, and (b) precipitated samples at pH 4.5, 6.0, and 9.0.
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Meanwhile, the XRD analysis in Fig. 5(b) reveals the phase
evolution of the mixed-metal precipitates obtained from the
leachate. A clear transformation in phase composition and
crystallinity is observed with increasing pH, conrming that
a progressively alkaline environment strongly promotes the
selective precipitation and structural ordering of metal
hydroxides. At pH 4.5, the diffraction pattern displays a broad,
featureless background without any distinct reections, indi-
cating that the solid phase mainly consists of amorphous ferric
hydroxides formed through the rapid hydrolysis of Fe3+. As the
pH increases to 6.0, Al3+ and Cr3+ species begin to co-precipitate
gradually as amorphous or poorly crystalline hydroxides, while
Ni2+ remains largely soluble. At pH 9.0, the pattern exhibits
sharp and well-dened reections, evidencing the dominant
formation of crystalline b-Ni(OH)2. The characteristic diffrac-
tion peaks located at approximately 2qz 19.05°, 32.16°, 38.71°,
52.10°, 59.12°, and 62.12° correspond to the (001), (100), (101),
(102), (110), and (111) planes, which can be indexed mainly to b-
Ni(OH)2 (JCPDS No. 14-0117),62 with a minor contribution from
Fig. 6 SEM-EDX of Ni sludge samples (a and b) before, (c and d) after le

49510 | RSC Adv., 2025, 15, 49501–49515
the (100) reection of a-Ni(OH)2. Notably, the reections at
around 25°, 34.57°, 52.10° and 59.12° are also attributable to
the characteristic planes of NiOOH (JCPDS No. 06-0075),63

indicating the partial oxidation of Ni(OH)2 into NiOOH during
synthesis. These results collectively conrm that under strongly
alkaline conditions (pH 9.0), nickel is selectively and efficiently
precipitated as a mixture of highly crystalline b-Ni(OH)2 and
NiOOH phases, marking the complete conversion of soluble
Ni2+ into stable solid hydroxide/oxyhydroxide products.

The SEM-EDX results in Fig. 6(a–f) illustrate the morpho-
logical and compositional evolution of the Ni-bearing sludge
throughout the sequential treatment stages. In the untreated
sludge (Fig. 6(a and b)), the SEM micrograph reveals an amor-
phous, loosely aggregated surface composed of irregular clus-
ters ranging from a few to several tens of micrometers. The
particles exhibit rough textures, abundant voids, and indistinct
boundaries, consistent with a heterogeneous mixture of metal
hydroxides and poorly crystallized oxides typical of electro-
plating sludge. The corresponding EDX spectrum conrms
aching, and (e and f) after precipitation at pH 9.0.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a polymetallic composition dominated by Ni (24.94 wt%), Cr
(16.48 wt%), and Fe (6.04 wt%), together with Ca, Ti, Al, Na, and
P as minor elements. The high O content (35.73 wt%) supports
the presence of hydrated oxide and hydroxide phases. These
features collectively indicate that the raw sludge matrix is
chemically complex and structurally disordered, forming
a porous amorphous aggregate.

Aer acid leaching (Fig. 6(c and d)), the surface morphology
changes markedly. The residual solids appear denser and
smoother, with attened faces and sharp edges replacing the
irregular aggregates. Occasional radial cracks and fracture
planes suggest recrystallization and phase rearrangement
during dissolution. The EDX spectrum shows a pronounced
decrease in Ni, Cr, and Fe signals, conrming their effective
extraction while O and Si become dominant, accounting for
50.32 wt% and 40.15 wt%, respectively. Increased Al and Mg
contents further indicate that the residual solid primarily
consists of silicate and aluminosilicate frameworks derived
from inert supporting materials. The morphological densica-
tion and higher O/Si ratio are consistent with the XRD results
showing sharper peaks and reduced metallic intensity aer
leaching, conrming the depletion of transition metals and the
formation of a more ordered mineral matrix.

At the Ni precipitation stage (pH 9.0) (Fig. 6(e and f)), the
morphology undergoes a pronounced transformation. Well-
dened polyhedral and plate-like crystals with smooth facets
and uniform sizes (tens of micrometers) are clearly visible,
forming densely packed aggregates that differ substantially
from both the amorphous raw sludge and the irregular leached
residues. The corresponding EDX spectrum (Fig. 6(f)) conrms
a strong Ni signal (72.22 wt%) together with O (27.07 wt%),
while only trace levels of Si and Ca are detected, and no
signicant impurities such as Fe, Al, or Na are present. This
composition demonstrates that nickel is the dominant
constituent, and the Ni/O atomic ratio is consistent with the
stoichiometry of nickel hydroxide or oxyhydroxide. The well-
crystallized polyhedral morphology further supports the
formation of b-Ni(OH)2 and NiOOH as the major phases under
the strongly alkaline and mildly oxidizing conditions at pH 9.
These ndings conrm that the precipitation stage effectively
regenerated high-purity nickel hydroxide/oxyhydroxide prod-
ucts with a homogeneous crystalline framework and minimal
contamination from other elements.
6. Preliminary cost analysis for 1 kg
Ni(OH)2/NiOOH recovered from
electroplating sludge

Preliminary cost analysis indicates that producing 1 kg of
Ni(OH)2 or NiOOH from electroplating sludge via the leaching–
precipitation process can be directly estimated based on
experimental operating parameters (in Fig. S2). The amount of
H2SO4 required to dissolve the corresponding Ni content is
approximately 22–26 L of 5% H2SO4 solution, equivalent to
a cost of 3.3–6.5 USD assuming bulk industrial acid pricing of
0.15–0.25 USD/L. The subsequent pH adjustment from 2 to 9
© 2025 The Author(s). Published by the Royal Society of Chemistry
requires 2.0–2.3 kg of NaOH, corresponding to a cost of 2.0–3.5
USD based on industrial NaOH prices of 1.0–1.5 USD/kg. The
electrical energy consumed for stirring, phase separation, and
drying is estimated at 30–45 kWh, giving a cost of 3.6–6.8 USD
assuming an industrial electricity price of 0.12–0.15 USD/kWh.
The amount of Fe–Al–Cr sludge generated aer precipitation is
approximately 0.05–0.12 kg per kg of product. Using typical
industrial hazardous-sludge treatment fees (which should be
rened in actual operation), the estimated disposal cost is 0.8–
2.4 USD. Depreciation, maintenance, and operation of
corrosion-resistant equipment (HDPE/FRP tanks, PVC-U pipe-
lines, acid–base metering pumps) contribute an additional 1.0–
1.5 USD/kg. Summing all contributions, the total production
cost of 1 kg of Ni(OH)2 or NiOOH is estimated at 10.7–20.7 USD/
kg. When compared with typical commercial market prices
(Ni(OH)2 : 28–40 USD/kg, NiOOH: 30–45 USD/kg), the resulting
expected prot margin of ∼15–25 USD/kg demonstrates the
strong economic feasibility of converting electroplating sludge
into high-value Ni(OH)2/NiOOH products.
7. Current challenges and future
prospects

Although Ni recovery from electroplating sludge via the metal
leaching–precipitation route has proven efficient, environmen-
tally benign, and promising for practical implementation,
several challenges remain before large-scale deployment. The
intrinsic heterogeneity of real electroplating sludge presents
a major obstacle. The metal composition, water content,
particle size, and impurity levels vary signicantly among
different facilities, making it difficult to standardize treatment
protocols. This necessitates comprehensive material charac-
terization and adaptable process tuning to ensure consistent
performance under variable conditions. In addition, selectivity
in the leaching–precipitation step still requires further optimi-
zation. While dilute H2SO4 effectively suppresses Fe and Al
dissolution, co-precipitation or secondary phase formation
between Ni and other cations may compromise product purity.
Detailed investigations into reaction mechanisms, crystalliza-
tion kinetics, and the role of competing ions could improve
both selectivity and the simultaneous recovery of valuable
metals such as Cu, Zn, and Co. What's more, scaling and
economic feasibility must be critically assessed. At laboratory
scale, reagent consumption and energy demand are easily
managed, but industrial operation introduces challenges
related to process economics, equipment corrosion, and
secondary sludge management. Integrating Ni recovery into
existing wastewater treatment lines or applying continuous
systems such as uidized bed reactors could enhance efficiency
and cost-effectiveness. Finally, from a sustainability standpoint,
valorizing the recovered NiOOH and b-Ni(OH)2 precipitate
represents a promising pathway toward circular resource utili-
zation. The b-Ni(OH)2 phase obtained in this study is not merely
a secondary by-product but a technologically valuable material.
Beneting from its high theoretical capacity, reversible Ni2+/
Ni3+ redox behavior, and outstanding chemical stability,
RSC Adv., 2025, 15, 49501–49515 | 49511
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Ni(OH)2 has been extensively applied in nickel-based batteries
(Ni–Cd and Ni–MH), supercapacitors, electrochemical sensors,
and as a precursor for NiO or NiOOH catalysts in energy
conversion and storage systems. For instance, Ni(OH)2/XC-72
composite exhibits specic capacitance ∼1296 F g−1 in super-
capacitor tests.64 Furthermore, a Ni(OH)2/Co–C–N composite
achieved up to ∼2100 F g−1 and outstanding cycling stability
(90.2% aer 5000 cycles) for exible supercapacitors.65

The NiOOH phase, which is generated from Ni(OH)2 through
electrochemical oxidation during battery or supercapacitor
operation, represents another high-value functional material.
NiOOH serves as the primary redox-active species at the positive
electrode in Ni–MH batteries and has been extensively studied
for its excellent reversibility and high specic capacity.66 Recent
developments in asymmetric supercapacitors employing
NiOOH-based electrodes have reported notable energy densi-
ties, reaching approximately 0.4 mWh cm−2, underscoring its
strong charge storage capability.67 Furthermore, NiOOH and its
derivatives have demonstrated exceptional catalytic activity
toward the oxygen evolution reaction (OER) in alkaline elec-
trolytes.68 For example, NiOOH thin lms exhibit efficient water
oxidation performance, making them promising candidates for
energy conversion and storage technologies.69 Therefore, con-
verting electroplating sludge into Ni(OH)2 (and potentially
NiOOH via further electrochemical activation) not only allevi-
ates environmental concerns but also establishes a sustainable
route for producing functional materials with signicant
potential in electrochemical and catalytic applications.
Although the electrochemical properties and catalytic activity of
Ni(OH)2/NiOOH have been widely established in previous
studies, a direct assessment of the Ni(OH)2 materials synthe-
sized in this work such as their charge-storage behavior, redox
characteristics, and OER catalytic performance remains essen-
tial. Such evaluations will serve as a key future research direc-
tion to validate their application potential and further optimize
product utilization within a circular-economy framework. In
this context, combining Life Cycle Assessment (LCA) with
Techno-Economic and Environmental Assessment (TEA) will be
essential to evaluate the overall feasibility and guide commer-
cialization strategies.

8. Conclusion

This study reports the successful development of an integrated
process combining dilute acid leaching and metal precipitation
for nickel recovery from real electroplating sludge. The method
is distinguished by the use of a low-concentration, moderate-
temperature acid leach followed by a precisely controlled
hydroxide precipitation step. This combination is well-suited to
industrial sludge treatment and helps minimize chemical
consumption, equipment corrosion, and secondary pollution
while maintaining high efficiency and environmental compat-
ibility. Systematic optimization dened practical operating
conditions for industrial applications. In the leaching stage,
nickel was almost completely extracted (99.70%) under mild
conditions using 5% H2SO4 at a 1 : 10 S/L ratio, 55 °C, and
40 min, while dissolution of iron and other metals was
49512 | RSC Adv., 2025, 15, 49501–49515
effectively suppressed. Subsequent precipitation with NaOH
achieved recovery efficiencies above 98% at pH 9, and an initial
[Ni2+]0 concentration of 2000 mg L−1, ensuring efficient
hydroxyl use and high product purity. XRD conrmed that the
precipitate consisted primarily of highly crystalline NiOOH and
Ni(OH)2, SEM revealed uniform polyhedral crystals, and EDX
analysis veried nickel as the dominant element with minimal
impurities. These results demonstrate not only the effective
recovery of valuable nickel resources but also a substantial
reduction of the environmental risks associated with electro-
plating sludge. The integrated process therefore provides an
economical, sustainable, and readily deployable solution for
small- and medium-scale production facilities, offering a prac-
tical model for circular metal recycling within the electroplating
industry and related sectors.
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Rodŕıguez, Kinetics of Iron Leaching from Kaolinitic Clay,
Using Phosphoric Acid, Minerals, 2016, 6, 60.

25 I. Ali, A. Gaydukova, T. Kon’kova, Z. A. ALOthman and
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