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A capacitive deionization cell designed with symmetric activated carbon electrodes was demonstrated to
be able to successfully reduce wastewater Pb?* concentrations to below the 5 ppm statuary limited for
discharge into public sewers. The investigation found that the removal efficiency shows a maximum of
98% with an initial Pb?>* concentration of 100 ppm under an optimized voltage of 1.3 V. Although the

reversibility of the process was poor during the first charge/discharge cycle, in part due to cathodic
Received 10th February 2021 e . . e
Accepted 20th March 2021 electrodeposition of lead hydroxycarbonates, this was improved by acidification of the electrolyte and
subsequent cycles showed good reversibility. Finally, it was demonstrated that Na* ions, with 50%

DOI: 10.1039/d1ra01121a removal efficiency and 100% reversibility, do not interfere with either the removal rate of Pb?" ions or
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Introduction

The disposal of heavy metals in aquatic environments is a major
concern worldwide, due to its adverse effects on ecosystems and
human health." The heavy metals with high mobility are easily
absorbed by living organisms where they accumulated. In the
human body, even at a low amount can induce severe illnesses
like cancer, damage to organs and the nervous system, and even
lead to death.® Heavy metal contamination can be found in
a variety of industrial processes such as etching, electrolysis
deposition,”® milling, electroplating and anodizing-cleaning®
and these metal ions cannot be degraded into harmless end
products.'® Therefore, treatment technologies for the removal of
heavy metals from industrial waste water and other effluents
have received much attention.”™**

The conventional methods for removing heavy metals from
waste water include adsorption, chemical precipitation,'® elec-
trochemical deposition, flotation and ion exchange.”®'7>
Among these processes, chemical precipitation is presently the
most favored for the removal of inorganic heavy metals from
effluent waste, due to its simple operation and inexpensive
assembly.’® However, it has a major drawback as it produces
large volumes of sludge, which requires secondary treatment.>
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the reversibility of this process, providing a new angle on desalination applications for the system.

An alternative is membrane filtration, but unfortunately this
technology has always been plagued with fouling problem.>***
Likewise, ion exchange and electro-winning technologies show
limitations in the availability of stable exchanger resins and
corrosion of the electrodes.”® Conventional electro-winning also
become uneconomical for Pb>" concentrations below a few
100 ppm, which is still well above environmentally acceptable
levels for discharge.

According to the water quality standard, the lead content
must below 5 ppm for discharge of industrial waste into public
sewers. As a comparison, the common chemical treatment, like
adsorption by different natural materials, is inefficient with the
increase of Pb>" concentration in inlet.”” The CDI technique is
on the one hand providing a much wider process range for one
desired target.”® Hence, in recent years, a series of capacitive
based desalination techniques, such as simple CDI, MCDI and
FCDI has been considered.*?* However, fouling of the
membrane by carbonates in the MCDI is still a concern and the
membrane is usually expensive. Whereas to maintain a contin-
uous and stable FCDI system requires high economical support.
Therefore, as a comparison, a simple CDI is still more facile and
economical than the more advanced methods.

CDI works by electrosorption to remove desired ions from
the target solution. The voltage that can be applied in a CDI
system is limited by the electrolysis of water, fortunately this is
kinetically slow on carbon electrodes so the electrochemical
window is approximately 2 V wide; in neutral solutions it is from
—1.072 V to +0.985 V vs. SCE (Sat'd KCl).** As a result, CDI has
been used to the removal of a number of heavy metals
including, cadmium (Cd*"), chromium (Cr**), copper (Cu*"),
arsenic (As®**) and nickel (Ni**).>* Among these investigations,
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Pb*>* has also been studied either as the target or the competi-
tive ions.

So far, a large number of reports have focused on the
development of different electrode materials, such as carbon
nanotubes, graphitic carbon nanosheets, and especially gra-
phene and its derivatives. Even though graphene based elec-
trodes exhibit the highest removal efficiency on multi-ions
including Pb**, the complex oxidization process of graphene
means it is difficult to keep a complete structure and defects
which cause severe agglomeration. Besides the required
chemicals for graphene oxide reduction are harsh, which may
increase safety, economic and environmental costs.***® There-
fore, activated carbon is still the most economical choice.
However, currently, the most reported works based on various
forms of activated carbon (activated carbon cloth, activated
carbon fiber, activated carbon powder) for Pb>" removal have
focused on the adsorption mechanism and the pH value impact
of the solution***** and neglected the possible impact from the
dissolved O, and CO,, which are reflected by pH fluctuations
during charge/discharge process in real time. Therefore, in this
work, a systematic investigation has been designed under the
consideration of the presence of CO, in the industrial water.

The lead removal reaction on electrode in a CDI cell is
theoretically analogous with Pb flow battery shown below:**

Negative electrode reaction: E, = —0.13 V vs. SHE

Pb>" +2¢~ « Pb (1)
Positive electrode reaction: Eq = 1.46 V vs. SHE
Pb>* + 2H,0 < PbO, + 4H" + 2¢~ (2)

Corresponding to charge/discharge process, Pb>*/Pb-Pb>*/
PbO, should be responsible for the removal of Pb>*. However,
when used for removal of Pb** from industrial waste water
a layer of lead carbonates is formed on the electrodes. In order
to unearth the source resulting in the observed precipitation,
contrast experiments that expelling CO, out from the solution
have been designed and analyzed. Note that the potential for
reaction (2) will shift negative by 118 mV for every increase in
pH unit, which reaction (1) is independent of pH.

The investigations are focused on the removal of lead ions
(Pb®>") from artificial waste water by using CDI method,
including discussions on electroplating as well. The whole
process was monitored in real time by both a conductivity
meter and a pH meter. Actual lead concentrations were
determined ex situ by Inductively Couple Plasma-Optical
Emission Spectrometry, ICP-OES. Other characterizations
methods used include SEM, XRD, XPS and Raman spectrum
have been adopted as well for proposing reasonable mecha-
nisms. According to the study (i) the removal efficiency of Pb**
can achieve a maxima at 98%; (ii) a relative lower pH value of
the initial waste water is beneficial for the collection of lead
during discharge process; (iii) without N, purge before the cell
operation, CO, in waste water will lead to the formation of
hydrocerussite or cerussite compound during the cyclic
charge/discharge process.
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Experiment

A piece of graphite sheet with dimension of 2 mm x 120 mm x
170 mm was fixed on a PVC plate by using polyimide tape. Next,
placing a beaker with 120 ml dimethylformamide (DMF)
(Sigma-Aldrich, anhydrous, 98%) solution on a hotplate which
is set at 80 °C for 30 min. After 30 min heating, 1.5 g poly-
vinylidene fluoride (PVDF) (average M,, ~ 534 000 by GPC,
Sigma-Aldrich) was dissolved into above solution under
a continuous heating and stirring for another 30 min. Then 15 g
activated charcoal powder (reagent grade, Scharlau) was added
with the heating/stirring at 80 °C being maintained for a further
30 min to have this activated charcoal (AC) paste be ready for
later use.

After cooling, 20 ml of above prepared AC paste was spread
onto a piece of graphite sheet with an area of 10 cm x 15 cm.
The thickness of the paste was controlled by two layers of the
polyimide tape. After one hour at ambient temperature, the
fabricated AC electrode was placed into an electric furnace set at
70 °C and left overnight to ensure the full evaporation of DMF.
Finally, the AC electrode was kept in deionized water until use.
The fresh AC electrodes are used in each experiment.

Fig. 1 shows a schematic construction of the CDI integrated
electroplating cell (CDIE) construction. This cell contained two
symmetric electrodes of activated carbon (AC) separated by
a nylon mesh, the hole size of which is 1 mm x 1 mm and the
thickness is 0.2 mm, and sandwiched between two pieces of
polymethyl methacrylate (PMMA) with a thickness of 10 cm that
were bolted together. Electrical connection to the AC electrodes
were made by press contacts to two graphite strips (1.5 cm x
2 ¢cm X 0.2 cm) that protruded from the cell. The effective
geometric surface area of each AC electrode exposed to the
solution was 150 cm®.

The pseudo Pb** waste streams (typically 100 ppm) were
prepared by dissolving Pb(NOj3), (Sigma-Aldrich, ACS reagent,
=99%) into Milli-Q water (resistivity ~ 10 MQ c¢m) without any
other chemical addition. To explore the effect of different pH
conditions on the removal of Pb*", concentrated HNO; (Merck,
ACS reagent, 63-67%) was at times used for adjusting the initial
pH of the solution. The solution was pumped through the cell,
by a peristatic pump (Watson-Marlow), with the total volume of
solution being approximately 60 ml of which about 20 ml was
within the cell at any one time. The conductivity (Hanheng
Instruments DDSJ-308F meter) and pH (Hanna Instruments
meter) of the pseudo waste stream solution were both recorded

\

e ]

Fig.1 Schematic diagram of a CDI cell (1 for one of the PMMA plate; 1
for another PMMA plate; 2 and 2’ for symmetric AC electrodes; 3 for
nylon mesh).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in real time. The voltage across the two AC electrodes is
provided by a Versa STAT 4.0 (Princeton Applied Research),
which was set to either 1.0 V, 1.3 V or 1.5 V for 30 min followed
by alternating to 0 V for a further 30 min to complete a single
cycle.

In order to obtain more accurate Pb** concentration changes
than can be provided from conductivity measurements, 600 pl
aliquots were removed at set intervals, diluted by a factor of ten
and used for ex situ analysis via ICP-OES. At the end of experi-
mental runs any deposits remaining on the AC electrodes were
analyzed by a Field Emission Scanning Electron Microscopes,
FESEM (Zeiss Supra 40 at an accelerating voltage of 10 kV)
equipped with an energy-dispersive X-ray spectroscopy, EDS,
attachment, X-ray diffraction, XRD (Brucker D8 Advance in the
Bragg-Brentano theta-two-theta mode) X-ray photoelectron
spectroscopy, XPS (Brand:Kratos Analytical; model: Axis Ultra
DLD) and a LabRam HR Evolution Raman microscope with an
argon-ion laser at 514 nm.

Results and discussions

Fig. 2A shows the influence of applied voltage on the cells ability
to remove lead from 100 ppm Pb*" solutions (Cygo). A series of
chronoamperometry curves collected by applying different
voltage of 1.0 V, 1.3 V and 1.5 V respectively and switching to
zero volt (i.e. short-circuit conditions) after 30 min. The solution
flow rate is 2.3 ml min~" g~ " (the schematic statement on the
calculation of flow rate is in Fig. S1}). The corresponding
solution conductivity changes are shown in Fig. 2B, from which

it can be seen that the conductivity initially decreases more
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Fig. 2 (A) Chronoamperometry respond of 100 ppm Pb>* to different
voltage condition (each chronoamperometry curve was obtained by
exposing one pair of fresh AC electrode to the charge voltage (1.0 V,
1.3V and 1.5V respectively) for 30 min, followed by another 30 min
exposure at 0 V for discharge); in situ (B) conductivity and (C) pH
change corresponding to the chronoamperometry measurement
condition in (A); (D) comparison of pH change during charge/
discharge process between 100 ppm solution of Pb?* with and without
N, purge (the charge/discharge corresponds to the condition that
applying a voltage of 1.3 V for 30 min, followed by 0 V for another 30
min).
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rapidly as the voltage is increased eventually falling by 63.5%,
92.5% and 89.5% after 30 min at 1.0 V, 1.3 V and 1.5 V,
respectively. Note that during the 0 V period the conductivity
rises, due to the release of Pb*" ions captured during the on
period, but the recovery is not 100%, being about 78% at 1.5 V
and less for the other voltages. In addition, the higher current
density under 1.5 V in Fig. 2A also explains the conductivity
changes in Fig. 2B, which at 1.5 V is dominated by water
splitting.

Fig. 2C shows how the pH of C;, solution varies over the first
5 voltage cycles. During the first application of 1.3 V, the pH
continuously increased with time rising from pH 5.95 to pH
9.35. This was somewhat unexpected, as reactions (1) and (2)
show that the charging of a lead-based battery should cause the
PH to fall. A possible explanation for this is that Pb** removal at
the negative electrode (reaction (1)) is less efficient than at the
positive electrode (reaction (2)), with competing cathodic reac-
tions being the reduction of either dissolved oxygen or protons
both of which cause the local pH to rise:

O, + 2H,0 +4e~ — 40H™, E=1.23 V vs. SHE (3)
H* + 2 — H,, E=0.00 V vs. SHE (4)

Note that the reduction of nitrate ions is also thermody-
namically possible, but this process is inefficient and requires
large overpotentials. Fig. 2D shows that using nitrogen purging
to remove the dissolved oxygen leads to anticipated decrease in
pH on charging, indicating the majority of the previously
observed increase in pH was due to the reduction of dissolved
oxygen. It is interesting to note that the negative swing in the pH
is more pronounced during the second charging cycle, possibly
suggesting that reaction (1) has become more efficient. A
possible explanation for this is that Pb deposition has been
reported to require a nucleation overpotential,*® meaning that it
requires a larger potential to nuclear the first Pb crystals on the
carbon electrode but once imitated subsequent deposition of Pb
onto Pb is more efficient. Therefore, if not all the Pb deposited
in the first cycle was released back into the solution during the
discharge cycle, the residual Pb on the carbon cathode is
available to act as nucleation sites during the subsequent
charging cycles.

Although pH variations certainly influence conductivity
readings, over the range recorded (pH 5.95 to pH 9.35) protons
and hydroxide ions will contribute less than 2 uS cm™" (with
a minimum at about pH 7.2) to the overall conductivity of the
solution.*® Nevertheless, changes in conductivity are not a good
measure of changes in Pb** concentration, as when the pH
changes this may influence the degree of hydration or
complexation. Therefore, Fig. 3A shows lead concentrations, Cy,
determined by ICP-OES, with the applied voltage being indi-
cated in the subscript. It can be seen that the removal effi-
ciencies (Fig. 3B) after 30 min are 82.3%, 98.0% and 91.1% for
1.0 V, 1.3 V and 1.5 V, respectively, which are in reasonable
agreement with the conductivity changes (Fig. 2B) with the
lowest Pb>" concentration recorded being 1 ppm.
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Fig.3 (A) Acctual concentration change of Pb?* corresponding to the
chronoamperometry condition in Fig. 2A; (B) the calculated removal
efficiency of Pb?" respecting to ICP-OES result in (A); (C) cyclic
performance of the concentration change of Pb2* within five cycles of
charge/discharge process (each cycle includes exposing the fresh pair
of AC electrode to the charge voltage for 30 min, followed by to the
discharge voltage (0 V) for another 30 min).

However, during the discharge period there is considerable
disagreement between the conductivity and ICP-OES data, with
the latter showing only very small increases of Pb** concentra-
tions (by about 5 ppm) is at all three voltages (Fig. 3C), in
contrast to the up to 78% recovery suggested by the conductivity
measurements. It is thus clear that the at least one of the AC
electrodes does not readily release the lead from its surface
during the discharge stage. However, after the second voltage
cycle the amounts of lead further extracted and subsequently
release becomes reversible (Fig. 3C). The lower reversibility, as
compared with >90% reversibility of sodium chloride described
in the literature*” and found when NaCl was used in the present
cell (see Fig. S27) reveals that the removal of lead ions in this
system is not only realized by just adsorption in the electrical
double layer but also involvement of other electrochemical
processes; that is reactions (1) and (2).

Finally, examination of Fig. 3A-C reveals that despite the
much higher current density recorded at 1.5 V, virtually the
same amount of Pb*>" was removed as seen at 1.3 V This indi-
cates that most of the additional current at the higher voltage is
being lost to water splitting rather than ion removal. Therefore
1.3 V was chosen for future experiments.

To further elucidate the possible mechanism on Pb>"
removal based on above phenomenon observation, the corre-
sponding electrochemical characterization method has been
conducted. Fig. 4 shows potential versus time profile of the
negative electrode recorded when 1.3 V was applied across the
two carbon based electrodes. It can be seen that this electrode
adopted a potential close to —0.45 V vs. SCE (—0.16 V vs. SHE),
which is consistent with the electrodeposition of Pb shown in
reaction (1). The observation that the potential of the negative
electrode slowly shifts negatively with time, which is consistent
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Fig. 4 Potential versus time profile of the negative electrode recorded
when 1.3 V across the cell and the corresponding OCP after short
circuit for 60 s.

with a decrease in Pb>" ion concentration (Nernst equation) and
also suggests that the rate of this reaction is likely limited by
mass transport of Pb*>* ions to the electrode's surface. Although
the potential of the positive electrode was not measured
directly, it can easily be calculated by adding 1.3 V to the
potential of the negative electrode; ie. it will have adopted
a potential around +0.90 V vs. SCE (+1.14 V vs. SHE). There are
two possible anodic reaction that can occur at this potential,
oxygen evolution and deposition of PbO, (reaction (2)), which at
pH 7 are expected to occur at about +0.57 V vs. SCE (+0.81 V vs.
SHE) and +0.39 V vs. SCE (+0.63 V vs. SHE), respectively.

Furthermore, after charging the cell was switched to open-
circuit conditions and the voltage across the two carbon elec-
trode was measured to be 0.86 V, which is consistent with the
approximately 0.80 V one would expected to find between a Pb
and PbO, electrode at pH 7 and confirms that during charging
reactions (1) and (2) occur on the negative and positive elec-
trodes respectively. After short-circuiting the voltage for about
60 s the open-circuit voltage across the two carbon electrodes
declined to 0.21 V, consistent with discharging of a Pb/PbO,
battery.

Finally, reference to the Pourbaix diagram for Pb indicates
that if the pH rises above pH 9,*® the Pb>* ions are likely to
precipitate out of solution in the form of PbO will form. This
could also partly explain the poor reversibility of the system
during the first cycle, as Fig. 2C shows that this caused the bulk
solution to exceed pH 9.

Cyclic voltammetry was also conducted, but the high resis-
tance of the 100 ppm Pb** solution meant this were of little
value with no clear redox peaks being observable. However,
after the addition of 0.1 M NaCl as a supporting electrolyte,
redox couples that were consistent with reactions (1) and (2)
along with water splitting were obtained (Fig. S37).

Next the influence of the initial lead concentration was
investigated, for which the notation Cy was adopted where the
subscript refers to the initial Pb*>" concentration in ppm that
was varied from 65 ppm to 180 ppm. Fig. 5A and B show

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Chronoamperometry respond of Pb(NOs), solution with
different initial Pb>* concentration of 65 ppm, 100 ppm and 180 ppm
respectively during the first cycle of charge/discharge process (charge:
1.3V for 30 min; discharge: 0 V for 30 min); in situ (B) conductivity and
(C) conductivity change corresponding to the chronoamperometry
measurement condition in (A); (D) the calculated removal efficiency of
Pb?* respecting to the first 30 min of charge process in (A).

chronoamperometry and conductivity measurements for the
application of 1.3 V across the cell and a flow rate of 2.3
' ¢~ 1 It is clear that the current density increases with
increasing Pb>" concentration leading to a more rapid decrease
in conductivity confirming that at 1.3 V this extra charge is used
to remove more ions not for water splitting.

Fig. 5B also shows that once the voltage is switched to 0.0 V
the reversibility increases with initial lead concentration,
although it never reaches 100%, suggesting that there is a limit
to the amount of non-removable lead that is deposited onto AC
electrodes. This hypothesis is supported by subsequent voltage
cycles where, unlike the first cycle, the conductivity changes are
nearly reversible for all three initial lead concentrations
(Fig. 5C). Indeed, the conductivity reversibility of C;g, appears
to slightly increase at high cycle numbers. The discharge curves
also suggest that most of the lead that is available for release is
so in a relatively short period of time (~10 min) compared to
that required to reach near steady-state conditions during the
charging period.

However, Fig. 5D shows that although the initial rate of Pb>*
removal increases with increasing starting concentration, the
long-term efficiency of the process shows the opposite trend,
indicating that there is a limit to the total amount of lead that
can be removed by AC electrodes in a single voltage cycle that is
in addition to the minimum concentration that can ultimately
be reached by the system.

To confirm the conclusions about the influence of initial
Pb>* concentration drawn from the real time conductivity
measurements, ex situ ICP-OES measurements were again pre-
formed. According to the ICP-OES results, the Pb>* removal and
reversal concentrations actually show steady-state behaviour
within five cycles of circulation, therefore based on this
consideration we have run five cycles with 1.3 V for the charging
cycle. Fig. 6A and B show that during charging the ICP-OES is in

ml min~
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of charge and discharge respectively within each cycle.

reasonable agreement with the conductivity measurements,
with the final efficiency of the Pb*>" removal being inversely
proportional to its initial concentration with values 99.3%, 98%
and 90% for Coes, C100 and Cjgo respectively, which corresponds
to final concentrations at the end of the 30 min test of about
0.5 ppm, 2 ppm and 18 ppm.

Fig. 6A also confirms that the reversibility of the process
increases with increasing initial lead content, however the
extent of the Pb>" released is much lower than would be antic-
ipated from the conductivity measurements being only about
18% even at the highest lead level tested. Nevertheless, the ICP-
OES data in Fig. 6B again revels that the process is far more
reversible after the first cycle, which is in agreement with the
conductivity measurements.

To summarize, under the investigated conditions, the
developed CDI system shows good performance on removing
Pb>" ions as compared to a range from 53.4% to 81% in previous
reports.** However, the ions are not fully released in the
discharge process, especially during the first cycle. Therefore, in

2
s

o @) 13v -~ ®) 13V
. n e ¢
£ 200 = Cipo S a0 —®Cyyp
5 2
@ 1 SCrooprzo : “SCroprzo
S0 \ L s160F
=t \ =
Lol L\ 2z
5 W £
S L9 =
o sof ){ 51
2 5
< g 2
5 wr / =
S S
of o 3980, N s L
L L L ) L
0 10 20 30 40 50 6 0 s0 100 150 200 250 300
Time (min) Time (min)
120 10
£ © -, ®)
-3 i —&C,
21001y SCroopmzo 100
= - or ~SCroapm
= Charge Disharge 100pH2.0
5 s
.;l 6
8 ol 1 -
] .
§ul 7 i J|pmas
2 ; 1 2 ﬂ
g § i H33
Q2 g% PH 3.
Q
A I BRUEEEREEY
% 0 .13 H
=9 0

0 6 9 120 150 180 210 240 270 300
Time (min)

& ; [‘0 lIS Z‘O Z‘S 30 35404‘5 5‘0 5; 6'0 l;

Charging/Discharging Tim e (min)
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order to improve the release of Pb>* ions a more acidic pseudo
waste is tested using 63% HNO; to adjust solution with 100 ppm
Pb>" from pH ~ 5.5 to pH 2.0; labeled as Cioo/pm2-

Fig. 7A shows a comparison of the conductivity changes
recorded in solutions with and without HNO; additions. It is
clear that the acidic system is more reversible, recovering over
50% of its original conductivity during the discharge period as
opposed to only about 10% in the control solution. Fig. 7B
shows that this improved reversibility is maintained over the
subsequent voltage cycles. Fig. 6C shows the corresponding ex
situ ICP-OES data from which it can be seen that the acidic
conditions increase the rate at which the Pb*>* ions are removed
and confirms the improved reversibility, although still only 40%
of the original lead ions are released during the first cycle this is
seven times higher than in the control. Fig. 7C also reveals that
all the ions available for release are desorbed quickly, within the
first 10 min of the switch from 1.3 Vto 0 V.

Fig. 7D shows that the pH of the acidified pseudo waste
solution increased during both charging and discharging
cycles. From the onset of the third cycle, the pH changes adopt
a continuous pattern: falling rapidly to pH 3.0 after the appli-
cation of 0.0 V, then rising continuously through the remaining
discharge period to about pH 3.3, then once the 1.3 V charging
voltage is applied there is an initial rapid increase increases up
to pH 3.9, but after this it remains steady for the rest of the cycle.
However, due to the logarithm nature of pH even a swing
between pH 3.3 to pH 3.9 would represent a decrease in the
conductivity contribution from protons from about 200 to 30
uS em~ ', which clearly shows the importance of the ICP-OES
measurements to support any findings based on conductivity
measurements.

To further determine the nature of the products that were
formed on electrode surface, SEM and EDS technique has been
adopted. The detected precipitation on anode and cathode is
shown in Fig. 8, hexagonal crystals were found on the surfaces
of both the cathode and the anode. Based on EDS (Fig. S47)
result, it revealed that the crystals consisted of lead, oxygen and
possibly carbon; the ubiquitous nature of carbon makes it
difficult to determine by EDS. Even so, visibly the crystals
looked like a white powder suggesting 2PbCOj; - Pb(OH), (known
as white lead) as opposed to PbO, (black), PbO (yellowish) or
Pb;0, (red).

Fig. 8 SEM image of precipitation on (A) cathode and (B) anode
surface (the electrode was taken after five cycles of charge/discharge
process. Each cycle was defined as exposure of the fresh AC electrode
to 1.3 V for 30 min, followed by 0 V for another 30 min).
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To verify this compound, X-ray diffraction (XRD) scanning
has been adopted. In Fig. 9A, the major peaks in the XRD
pattern taken from the cathode can be matched to hydro-
cerussite (Pbs(CO;),(OH),), which has a hexagonal structure as
observed under the SEM, and the remaining smaller peaks can
be matched to either cerussite (Pb,CO;) or graphite, with no
peaks that could be attributed to either PbO, Pb;0, or PbO,. The
Raman spectrum in Fig. 9B is similar to that reported in the
literature and is considered to be 2PbCO; - Pb(OH),.**

To make a further agreement, XPS analysis was conducted.
As can be seen in Fig. 9C, a strong pair of peaks at 138.2 eV and
143.1 eV with a confined area ratio of 3 : 4 (Pb 4fy, : Pb 4f;),),
which is consistent with hydrocerussite as are the deconvoluted
C 1s and O 1s peaks (Fig. 9D and E).**** However, the Pb 4f
spectrum also shows a second, much weak, pair of peaks
centered at 136.3 €V and 141.2 eV, which can be attributed to
metallic lead from the reduction of Pb*" during the charging
process and not re-oxidized during the discharge process.****
Therefore, based on characterization measurements, hydro-
cerussite is formed on the cathode during charging and this
cannot be redissolved completely during the discharging
process.

According to above analysis, it is proposed that during
charging the local rise in pH in the vicinity of the cathode due to
reaction (3) and (4), along with atmospheric CO, causes the
precipitation of the hydroxycarbonate to occur:**

3Pb** + 2CO3%~ + 20H™ — Pb;(CO;)»(OH), (5)

Following a mechanism similar to the cathodic electrode-
position previously reported for formation of hydroxyapatite
films on titanium substrates.>” Once form, the Pb;(CO3),(OH),
does not redissolve as the pH rises during the discharging
process. The amount of CO, dissolved in water exposed to air is
about 0.5 ppm (11 uM), which according to eqn (5) would be
sufficient to remove 3.5 ppm (16.5 uM) of Pb*>" ions.

As for the traces of metallic lead found on the cathode by the
XPS, this is consistent with the notion that not all the Pb
deposited in the first charging cycle is released during

* Hydrocerussite (00-010-0401)
mCerussite (00-005-0417)
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Fig. 9 (A) XRD (X-ray diffractometry) patterns; (B) the Raman spec-
trum and XPS (X-ray photoelectron spectroscopy) spectra of Pb 4f (C),
O 1s (D) and C 1s (E) for the cathode in Fig. 8A.
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discharging. This is actually beneficial as removes the need for
a nucleation overpotential, making reaction (1) more efficient in
subsequent charging cycles, such that it competes better with
the reactions (3) and (4) and the extent of the pH increase in the
vicinity of the cathode is reduced negating reaction (5). That is
the overall Pb®" jon removal process becomes more efficient
after the first cycle.

Finally, the system's ability to handle interfering ions was
tested by treating artificial industrial wastewater containing Na',
Pb**, Cu®* and Ni** ions (Fig. S5). It was found that Na*, Cu®*
and Ni*" ions had an insignificant effect on the Pb®* removal rate,
with no effect on the reversibility of the process (see ESIt).
Furthermore, 50% of the Na" ions (0.01 M Na") could be removed
in a process that was 100% reversible, which provides a new angle
on desalination applications for the system.

Conclusions

A capacitive deionization cell designed with symmetric acti-
vated carbon electrodes was demonstrated to be able to
successfully reduce dilute (<200 ppm) wastewater Pb*>" concen-
trations to below the 5 ppm statuary limited for discharge into
public sewers. A high Pb** removal efficiency of 98.1% within
30 min was realized under an optimized cell voltage of 1.3 V,
which compares favorably with previous reports of 54% to 81%.
Although the reversibly of the process was poor during the first
charge/discharge cycle, but subsequent cycles showed good
reversibility. Characterization of deposits on the electrodes
reveal that the poor reversibility during the first cycle was partly
due to cathodic electrodeposition of lead hydroxycarbonates,
a process that was reduced by acidification of the electrolyte
allowing the first cycle reversibility to reach 40%. However, trace
amounts of metallic Pb were also found on the discharged
cathodes, indicating the formation of the carbonates was not
the only cause of the lack of reversibility. Nevertheless, traces of
residual metallic lead on the cathode are likely beneficial as it
reduces the nucleation overpotential for Pb deposition in
subsequent cycles. Finally, it was demonstrated that Na* ions do
not interfere with either the removal rate of Pb*>" ions or the
reversibility of this process.
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