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Abstract
In many years, the nickel electroplating technique has been applied to coat nickel on other materials for their increased properties.
Nickel electroplating has played a vital role in our modern society but also caused considerable environmental concerns due to the
mass discharge of its wastewater (i.e. containing nickel and other heavy metals) to the environment. Thus, there is a growing need
for treating nickel electroplating wastewater to protect the environment and, in tandem, recover nickel for beneficial use. This
study explores a novel application of membrane distillation (MD) for the treatment of nickel electroplating wastewater for a dual
purpose: facilitating the nickel recovery and obtaining fresh water. The experimental results demonstrate the technical capability
of MD to pre-concentrate nickel in the wastewater (i.e. hence pave the way for subsequent nickel recovery via chemical
precipitation or electrodeposition) and extract fresh water. At a low operating feed temperature of 60 °C, the MD process
increased the nickel content in the wastewater by more than 100-fold from 0.31 to 33 g/L with only a 20% reduction in the
process water flux and obtained pure fresh water. At such high concentration factors, the membrane surface was slightly fouled by
inorganic precipitates; however, membrane pore wetting was not evident, confirmed by the purity of the obtained fresh water. The
fouled membrane was effectively cleaned using a 3% HCl solution to restore its surface morphology. Finally, the preliminary
thermal energy analysis of the combined MD–chemical precipitation/electrodeposition process reveals a considerable reduction
in energy consumption of the nickel recovery process.

Keywords Membrane distillation (MD) . Nickel recovery . Nickel electroplatingwastewater treatment .Membranewetting

Introduction

Nickel electroplating plays an important role in our modern
society. Given its excellent chemical and physical properties,
in many applications, nickel is coated on the surface of other
metallic and non-metallic materials by electroplating to

increase their strength and resistance to corrosion or degrada-
tion and to provide decorative appearance. However, the
growth of nickel electroplating industries has also resulted in
considerable environmental and health concerns (Coman et al.
2013; Almazán-Ruiz et al. 2015). A typical nickel
electroplating process involves three main steps including sur-
face pre-treatment, electrodeposition and product post-treat-
ment. Amongst these steps, post-treatment (i.e. product rinsing)
entails the discharge of large volumes of rinse water (i.e.
electroplating wastewater) containing nickel and other heavy
metals at various concentrations to the environment. Long-term
exposure to nickel polluted environments resulting from nickel
electroplating wastewater discharge can lead to numerous
health problems such as contact dermatitis, lung fibrosis, heart
attack, kidney diseases and even cancer (Denkhaus and
Salnikow 2002; Kasprzak et al. 2003). In this context, there
has been mounting interest in the treatment of nickel
electroplating wastewater for simultaneous environmental pol-
lution prevention and beneficial recovery of nickel.
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Several methods, most notably including chemical precipita-
tion and electrodeposition, have been explored to treat nickel
electroplating wastewater (Njau et al. 2000; Giannopoulou and
Panias 2007; Blais et al. 2008; Giannopoulou and Panias 2008;
Barakat 2011; Coman et al. 2013; Mubarok and Lieberto 2013)
(Table 1). In the chemical precipitation treatment of nickel
electroplating wastewater, nickel is converted to insoluble nickel
hydroxide by elevating pH to 9–10, and the precipitated nickel
hydroxide is subsequently removed from the wastewater. The
chemical precipitation treatment of the electroplatingwastewater
can achieve a nickel removal rate as high as 99.76%
(Giannopoulou and Panias 2007, 2008). It is noteworthy that
the chemical precipitation method requires pre-concentrating
and heating the nickel electroplating wastewater (i.e. 65–95
°C) to achieve a maximum nickel removal rate (Sist and
Demopoulos 2003; Giannopoulou and Panias 2007, 2008;
Mubarok and Lieberto 2013). In the electrodeposition treatment,
nickel from the electroplating wastewater is deposited onto cath-
odes in an electrolyser. Nickel can be recovered from the waste-
water in the form of metallic nickel, nickel oxide or nickel hy-
droxide depending on the wastewater composition and the elec-
trolysis conditions (Njau et al. 2000; Orhan et al. 2002; Coman
et al. 2013). Similar to chemical precipitation, the efficiency of
the electrodeposition treatment of nickel electroplatingwastewa-
ter is strongly affected by the temperature and the initial nickel
concentration of the wastewater. A more concentrated nickel
electroplating wastewater at an elevated temperature leads to
increased nickel recovery rate and enhanced current efficiency
(Orhan et al. 2002; Coman et al. 2013).

Membrane distillation (MD) has recently emerged as a fea-
sible process for treatment and concentration of challenging
waters (Tomaszewska et al. 2001; Abdelkader et al. 2018;
Nguyen et al. 2018; Plattner et al. 2018). MD is a hybrid
process that combines thermal distillation and membrane

separation (Drioli et al. 2015; González et al. 2017). The
MD process uses a hydrophobic and microporous membrane
to separate a feed water and a fresh distillate stream. Due to its
hydrophobic nature, the MD membrane prevents the perme-
ation of liquid water (i.e. hence dissolved salts and non-
volatile compounds) while allowing for the transport of water
vapour through membrane pores. The driving force for the
water vapour transport across the membrane pores is a water
vapour pressure gradient induced by a temperature difference
between two sides of the membrane. Unlike other pressure-
driven membrane separation processes, MD is negligibly af-
fected by the osmotic pressure and the salinity of the feed
water. Thus, the MD process can concentrate saline waters
up to their salt saturation limits. Moreover, because the MD
process mainly relies on thermal energy and can be efficiently
operated at mild temperatures (i.e. with feed water tempera-
ture ranging from 40 to 80 °C), waste heat and solar thermal
energy available on site can be sourced to power the MD
process and thus reduce water treatment costs. Given these
notable attributes, the MD process has been successfully dem-
onstrated for the treatment and concentration of various chal-
lenging waters including wastewaters from textile, dyeing and
dairy industries (Abdelkader et al. 2018; Li et al. 2018; Leaper
et al. 2019); brines following the reverse osmosis (RO) treat-
ment of seawater and oil/gas-produced water (Duong et al.
2015a, 2015b, 2015c; Duong et al. 2016a, 2016b, 2016c;
Zhang et al. 2019); draw solutions of forward osmosis (FO)
(Nguyen et al. 2018); and liquid desiccant solutions used in
air-conditioning systems (Duong et al. 2017; Chen et al. 2018;
Duong et al. 2018; Lefers et al. 2018).

A critical condition for the MD process to maintain its
separation efficiency is the absence of liquid water in the
membrane pores (Han et al. 2017; Rezaei et al. 2017; Wang
and Lin 2017; Velioğlu et al. 2018; Wang et al. 2018). This

Table 1 Treatment of nickel
electroplating wastewater for
recovery and removal of nickel

Method Operating conditions Removal
efficiency (%)

References

Chemical
precipitation

- Initial Ni concentration: –

- pH 9 treatment

- Temperature of 75 °C

99.9 (Mubarok and Lieberto 2013)

- Initial Ni concentration of 0.6 g/L

- pH 10

- Temperature of 25 °C

99.65–99.74 (Giannopoulou and
Panias 2007, 2008)

Electrodeposition - Initial Ni concentration of 1.22 g/L

- Current density of 113–224 A/m2

- pH 3.9–4.3

- Temperature: –

97 (Almazán-Ruiz et al. 2015)

- Initial Ni concentration of 0.3–2.4 g/L

- Current density of 8–500 A/m2

- pH 6.32

- Temperature of 20 °C

– (Njau et al. 2000)
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condition is underpinned by the hydrophobicity of the mem-
brane surface and the surface tension of the feed water. During
the MD process of challenging waters, contaminants (i.e. sur-
factants and organic additives) and precipitated salts in the
feed water might interact with the membrane surface and alter
its hydrophobicity and reduce the water surface tension at the
membrane pore entrance, resulting in the intrusion of liquid
water into the membrane pores (Han et al. 2017; Wang and
Lin 2017;Wang et al. 2018). The intrusion of liquid water into
membrane pores is termed as membrane wetting in the MD
process. Membrane wetting reduces the active membrane sur-
face area for water evaporation and leads to the salt leakage
through the membrane, thus deteriorating the separation effi-
ciency of the MD process (Duong et al. 2015a, 2015b, 2015c;
Duong et al. 2016a, 2016b, 2016c; Sanmartino et al. 2017).

This study aims to evaluate the feasibility of the MD pro-
cess for concentrating nickel electroplating wastewater for
subsequent nickel recovery via chemical precipitation or elec-
trodeposition. Real nickel electroplating wastewater was first
characterised, and long-term MD experiments of the
electroplating wastewater were conducted to assess the perfor-
mance of the MD process during the concentration of the
wastewater. The obtained MD distillate and the concentrated
wastewater were subsequently examined to determine their
suitability for beneficial reuse. Finally, potential for reduction
in the thermal energy consumption of combined MD–
chemical precipitation/electrodeposition was analysed to
highlight the benefits of the MD process for the treatment of
nickel electroplating wastewater.

Materials and methods

Membrane distillation system

A lab-scale MD system was used in this study (Fig. 1). The
system consisted of an air-gapMDmembrane module (Fig. 2)
with a flat-sheet polytetrafluoroethylene (PTFE) membrane
purchased from Porous Membrane Technology (Ningbo,
China). The specifications of the PTFE membrane and air-
gap MD membrane module are shown in Table 2. The nickel
electroplating wastewater solution was heated using a hot wa-
ter bath before entering the feed channel of the membrane
module. As the wastewater solution travelled along the feed
channel, water evaporated at the membrane surface and hence
the wastewater solution was concentrated. The concentrated
wastewater was then returned to the feed tank. Water vapour
generated at the feed membrane surface permeated through
membrane pores to the distillate channel due to the vapour
pressure gradient caused by the temperature difference be-
tween the feed and the distillate channels. When water vapour
reached the coolant plate, it condensed into distillate and bled
out of the membrane module by gravity into a distillate tank

placed on a digital balance connected with a computer. Chilled
water was circulated along the coolant channel to maintain the
temperature of the coolant plate. Temperature sensors and
rotameters were placed before the inlets of the feed and cool-
ant channels to measure temperature and circulation rates,
respectively. A heating element connected to a temperature
control unit and a chiller were employed to regulate the feed
and coolant temperatures.

The nickel electroplating wastewater was collected from a
nickel electrodeposition (i.e. using the Watts nickel
electroplating solution) factory in Hanoi, Vietnam. The

a

b

Fig. 1 a A schematic diagram and b a real picture of the lab-scale MD
system

Fig. 2 The arrangement of the air-gapMDmembranemodule. The PTFE
membrane was fixed in the module using rubber gaskets and plastic
spacers
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wastewater (25 L) was filtered using 0.45-μm filter papers
prior to its treatment using the MD process.

Analytical methods

Cation concentrations of the nickel electroplating wastewater
and the distillate extracted from the MD process were
analysed using an ICP-MS system (Agilent 7500CS, USA).
The plating wastewater anion contents (e.g. sulphate and chlo-
ride) were determined using conventional analytical methods.
Briefly, sulphate in the wastewater was precipitated by adding
excessive barium nitrate at 70 °C. The precipitate was then
filtered and dried in an oven at 800 °C for 1 h. The weight of
the dried barium sulphate precipitate was measured to calcu-
late the sulphate content of the plating wastewater. The waste-
water chloride content was then determined based on the cat-
ions and sulphate contents given the electroneutrality condi-
tion of the wastewater solution. The electrical conductivity
and pH of the nickel electroplating wastewater and the distil-
late obtained from the MD process were measured using a
conductivity pH meter (Hatch, USA).

Surface characteristics of membranes were analysed using
a scanning electron microscope (Hitachi SEM-4800, Japan)
and a contact angle measure (CAM 200, Finland). Prior to the
SEM analysis, the membranes were coated with a thin layer of
gold. For the contact angle measurement, deionised (DI) water
was used as the reference liquid.

Experimental protocols

MD treatment of the electroplating wastewater solution was
conducted at an inlet feed and coolant temperature of 60 °C

and 25 °C, respectively, with feed and coolant circulation rates
of 0.3 L/min (i.e. equivalent to a cross-flow velocity of 0.045
m/s). The MD experiment of the electroplating wastewater
feed was conducted at daytime only, and the MD system
was switched off at night without rinsing the systemwith fresh
water. The process water flux and distillate electrical conduc-
tivity were regularly measured throughout the experiment.
The MD process was finally terminated after the wastewater
had been concentrated by 100-fold (as the minimum feed wa-
ter volume to run the process was 200 mL) or until water flux
reduced to zero. Then, the membrane was disassembled from
the module and kept for subsequent membrane surface analy-
sis and membrane cleaning effectiveness evaluation. An addi-
tional MD experiment using a DI water feed solution was
conducted under the same operating conditions to determine
the process baseline water flux.

A fouled membrane coupon (i.e. 2 cm × 5 cm) was used to
evaluate the effectiveness of membrane cleaning using a 3%
HCl solution. The membrane coupon was submerged in the
cleaning solution at 25 °C for 5 min under mild agitation.
After cleaning, the membrane was rinsed with DI water and
air-dried prior to the SEM and contact angle analysis.

Results and discussions

Characterisation of nickel electroplating wastewater

The characterisation results of the nickel electroplating waste-
water (Table 3) confirmed that the Watts plating solution had
been used in the electrodeposition process. The wastewater
had pH, electrical conductivity and total dissolved solids of
6.8, 1006 μS/cm and 1100 mg/L, respectively. The total
suspended solid content of the wastewater was 4.0 mg/L,

Table 2 Specifications of the PTFE membrane and the air-gap mem-
brane module

The flat-sheet PTFE membrane

Membrane thickness (μm) 60

Membrane pore size (μm) 0.2

Membrane porosity (%) 90

The air-gap membrane module

Length of the channels (cm) 14.5

Width of the channels (cm) 9.5

Active membrane surface area (cm2) 137.8

Thickness of the feed channel (mm) 3.0

Thickness of the coolant channel (mm) 3.0

Thickness of the distillate channels (mm) 1.0

Condenser material Aluminium

Spacer material Polypropylene

Gasket material Silicone rubber

Module cell material Acrylic

Table 3 Characteristics of the nickel electroplating wastewater

General characteristics

Conductivity (μS/cm) 1006

pH 6.8

Total dissolved solids (mg/L) 1100.0

Total suspended solids (mg/L) 4.0

Ion concentrations (mg/L)

Nickel 310.58

Manganese 6.41

Calcium 3.48

Zinc 1.70

Magnesium 1.19

Sulphate 418.0

Chloride 341.3
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and the wastewater was mainly composed of nickel (310.58
mg/L), sulphate (418.0 mg/L) and chloride (341.3 mg/L).
These characterisation results indicated that the electroplating
wastewater was neither diluted enough for environmentally
safe direct discharge nor concentrated enough for efficient
nickel recovery (Njau et al. 2000; Orhan et al. 2002; Peng
et al. 2014; Almazán-Ruiz et al. 2015). Thus, the wastewater
needed to be pre-concentrated to facilitate nickel recovery in
the subsequent chemical precipitation or electrodeposition
process. Alternatively, the electroplating wastewater can be
diluted using fresh water for safe discharge to the environ-
ment. Nevertheless, this alternate method is not encouraged
given the more stringent water pollution laws and regulations
and increased nickel cost.

MD treatment of the nickel electroplating wastewater

The viability of MD for the treatment of nickel electroplating
wastewater was assessed based on the process water flux, risk
of membrane fouling and wetting, nickel concentration effi-
ciency and the obtained distillate quality. The experimental
results demonstrated that the MD process was capable of
pre-concentrating the electroplating wastewater to facilitate
the subsequent nickel recovery and to produce quality distil-
late in tandem.

Water flux during the MD treatment of nickel electroplating
wastewater

Water flux of the MD process was slightly affected by nickel
salts in the electroplating wastewater (Fig. 3). Initially, theMD
process with the wastewater feed (i.e. with a low nickel con-
centration of 0.31 g/L) achieved a water flux similar to that
obtained during the baseline experiment using DI water as the

feed. During the concentration process, as the distillate was
extracted from the wastewater feed, the nickel concentration
of the wastewater feed increased. For the first 350 h, the nickel
concentration increased at small rates given the large volume
of the wastewater feed compared to the distillation rate. The
last 50 h of the operation witnessed an exponential increase in
the nickel concentration after the wastewater feed volume had
been significantly reduced. On the other hand, the water flux
gradually decreased throughout the MD concentration of the
wastewater feed. At the completion of the process, although
the nickel concentration had been increased bymore than 100-
fold, the process water flux only reduced approximately by
20% compared to the initial value (i.e. from 4.3 to 3.3 L/m2/h).

The marginal impact of salt concentrations on the MD pro-
cess water flux demonstrates the superiority of MD over
pressure-driven membrane processes (i.e. RO) for concentrat-
ing the plating wastewater. During MD, salts in the feed water
only affect the process water flux by reducing water vapour
pressure and increasing viscosity of the feed water. Hence, the
influence of reduced water vapour pressure and increased vis-
cosity on MD water flux is negligible compared to the impact
of increased osmotic pressure on RO water flux. Indeed, suc-
cessful applications of MD for the concentration of hyper-
saline water feeds, including RO brines from seawater and
oil/gas-produced water desalination (Duong et al. 2015a,
2015b, 2015c; Peng et al. 2015; Zhang et al. 2015; Duong
et al. 2016a, 2016b, 2016c), draw solutions for the FO process
(Xie et al. 2013; Li et al. 2014) and liquid desiccant solutions
for air conditioning systems (Duong et al. 2017; Chen et al.
2018; Duong et al. 2018), have been demonstrated.

Membrane fouling and wetting during MD treatment
of nickel electroplating wastewater

The MD process demonstrated a strong resistance to mem-
brane wetting during the treatment of the nickel electroplating
wastewater. Throughout the MD concentration process of the
plating wastewater, the electrical conductivity of the obtained
distillate was always below 60μS/cm (Fig. 4), confirming that
membrane pore wetting did not occur. The non-wetting con-
dition of the membrane pores during the MD process of the
plating wastewater was also verified by the gradual decline in
water flux (Fig. 3). It is noteworthy that when the membrane
pores are wetted, salts from the electroplating wastewater feed
will penetrate through the membrane pores to contaminate the
distillate, inevitably increasing the distillate electrical conduc-
tivity. Wetting of the membrane pores also reduces the active
membrane surface for water evaporation, thus leading to a
noticeable decline in the process water flux. The variation in
the daily measured distillate electrical conductivity might be
attributed to the corrosion of the aluminium condenser plate
and the measurement errors.

Fig. 3 Water flux and nickel concentration during the MD process of the
electroplating wastewater. Operating conditions: feed temperature (Tfeed)
of 60 °C, coolant temperature (Tcoolant) of 25 °C and feed and coolant
circulation rates of 0.3 L/min
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SEM analysis of the membrane surface revealed that
inorganic salts had precipitated on the membrane surface
(Fig. 5). These precipitated inorganic salts might be mainly
composed of nickel and sulphate given their dominant con-
centrations in the electroplating wastewater feed (Table 3).

However, the impact of the precipitate layers on the process
water flux and distillate electrical conductivity was negligi-
ble (Figs. 3 and 4). This can be attributed to the fact that
the MD process was operated at a low hydrostatic pressure;
thus, the precipitate layers formed on the membrane surface
were porous and loose. These porous and loose inorganic
precipitate layers could be effectively removed by cleaning
the fouled membrane with the 3% HCl solution. Indeed,
the SEM image of the fouled membrane surface after mem-
brane cleaning was similar to that of a pristine membrane
(Fig. 5). The effectiveness of membrane cleaning using
acidic cleaning agents for inorganic precipitates in the
MD process has been previously reported (Gryta 2005;
Duong et al. 2016a, 2016b, 2016c).

Contact angle measurement results also demonstrated
strong resistance to membrane fouling and wetting of the
MD process for nickel electroplating wastewater (Fig. 5).
Compared to the pristine membrane, the fouled membrane
exhibited a lower water contact angle (i.e. 102° compared
to 142°); however, this value was still far above the hydro-
phobicity threshold (i.e. 90°) for MD membranes,
preventing the membrane pores from being wetted.
Moreover, given the ease of membrane cleaning with the
HCl solution, the fouled membrane surface after cleaning
could mostly restore its original hydrophobicity (i.e. with a

Fig. 4 Variation in the distillate electrical conductivity (EC) during the
MD process of the nickel electroplating wastewater. Operating condi-
tions: feed temperature (Tfeed) of 60 °C, coolant temperature (Tcoolant) of
25 °C and feed and coolant circulation rates of 0.3 L/min

Pristine membrane Fouled membrane

Cleaned membrane

Fig. 5 SEM images and contact angles of a pristine membrane, the fouled membrane and the fouled membrane after cleaning with 3% HCl solution
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contact angle of 132°). The marginal reduction in the con-
tact angle of the cleaned membrane compared to that of the
pristine membrane was because of changes in membrane
pore structures under the influence of temperature during
the MD process. A slight decline in membrane hydropho-
bicity has been observed during the MD process even with
fresh water feed (Ge et al. 2014). It is noteworthy the raw
nickel electroplating wastewater contained organic addi-
tives. These organic additives might have posed some chal-
lenges to the MD process as they could attach to the mem-
brane surface and alter the membrane hydrophobicity.
However, pre-filtering the nickel electroplating wastewater
with 0.45-μm filter papers effectively reduced its organic
content, thus preventing the MD process from membrane
wetting. This is consistent with results reported in previous
studies on the MD treatment of seawater whereby organic
matters in seawater were effectively removed by filter pa-
pers (Duong et al. 2015a, 2015b, 2015c; Duong et al.
2016a, 2016b, 2016c).

Characteristics of the MD distillate and concentrated nickel
electroplating solution

Results in this study prove the capability of MD for producing
high-quality distillate from the nickel electroplating wastewa-
ter. The ICP-MS analysis results demonstrated that the MD
distillate contained very low concentrations of metals with a
total concentration of around 2.0 mg/L (Table 4). The distillate
can be reused as rinsing water to reduce the water footprint of
the electroplating process or safely discharged to the environ-
ment (Almazán-Ruiz et al. 2015).

In addition to producing the high-quality distillate, the MD
process could elevate the nickel concentration in the wastewa-
ter to facilitate the subsequent recovery of nickel via chemical
precipitation or electrodeposition. The concentrated wastewa-
ter had a nickel concentration of 33 g/L, which was in the
optimal range of nickel concentration required for efficient
chemical precipitation or electrodeposition (Coman et al.
2013). Moreover, the sensible heat remained in the hot con-
centrated electroplating wastewater can be utilised to reduce
the thermal energy demand of the chemical precipitation/
electrodeposition process.

Thermal energy consumption analysis
of the combined MD–chemical
precipitation/electrodeposition of nickel
electroplating wastewater

The combined MD–chemical precipitation/electrodeposition
process for treatment of nickel electroplating wastewater can
offer considerable benefits with respect to thermal energy con-
sumption reduction. MD concentration of the nickel
electroplating wastewater can be operated in brine recycling
mode (i.e. batchmode): the warm brine leaving theMDmodule
is returned to the MD feed tank to continuously increase the
nickel concentration in the feed tank (Fig. 6). As the warm brine
is returned to the feed tank, its sensible heat can be recovered to
reduce the thermal energy demand of the MD process (Duong
et al. 2015a, 2015b, 2015c; Swaminathan and Lienhard 2018).
When the nickel concentration in the feed tank reaches 33 g/L,
the MD process is terminated, and the chemical precipitation/
electrodeposition process can be initiated. The residual heat
contained in the MD-concentrated wastewater (i.e. at 60 °C)
can be utilised to facilitate the optimal nickel removal/
recovery in the chemical precipitation/electrodeposition pro-
cess, thus obviating the need for heating the concentrated
wastewater. Our calculation reveals that the thermal energy
saving from heating the concentrated MD brine (from 25 to
60 °C) to recover 1 kg of nickel from the brine (i.e. given the
nickel concentration of 33 g/L and the recovery ratio of 90%)
during the chemical precipitation/electrodeposition process can
be as high as 1370 kWh. However, this is a preliminary analy-
sis, and further experimental studies on the combined MD–
chemical precipitation/electrodeposition treatment of the nickel
electroplating wastewater are required to demonstrate its tech-
nical and economic feasibility.

Conclusions

This study explored a novel MD application for the treatment
and concentration of nickel electroplating wastewater to

Fig. 6 Schematic diagram of a combined MD–chemical precipitation/
electrodeposition process for nickel recovery

Table 4 Cation
concentrations of the
MD distillate

Cations Concentration (mg/L)

Nickel 1.141

Wolfram 0.799

Calcium 0.386

Magnesium 0.076

Zinc 0.002

Strontium 0.001
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facilitate beneficial reuses. The experimental results demon-
strated the technical viability ofMD for treatment of the nickel
electroplating wastewater prior to nickel recovery via chemi-
cal precipitation or electrodeposition. At a feed and coolant
temperature of 60 °C and 25 °C, respectively, the MD process
could increase the nickel concentration of the electroplating
wastewater from 0.31 to 33 g/L. At high concentration factors
(i.e. 100-fold), the process water flux experienced a slight
reduction (i.e. by 20%), and the membrane surface was slight-
ly fouled by inorganic precipitates. However, no evidence of
membrane pore wetting during the MD concentration of the
electroplating wastewater was observed, as demonstrated by
the purity of the obtained distillate. The surface morphology
of the fouledmembrane was effectively restored by rinsing the
fouled membrane with the 3% HCl solution. The combined
MD–chemical precipitation/electrodeposition process for the
treatment of the nickel electroplating wastewater can offer
considerable benefits with respect to thermal energy consump-
tion reduction because the sensible heat of the warm MD-
concentrated wastewater can be utilised in chemical precipi-
tation/electrodeposition.
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