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ABSTRACT:

This study is to analyze the use of activated waste coffee grounds (WCG), a highly effective
electrode material, in the capacitive deionization (CDI) process for the first time. Simply via
thermal activation, the WCG's properties were significantly improved, mcludmg large surface
area and good electrochemical activity. Along with other advantages, such as easy availability,
cost effectiveness, and eco-friendly, the WCG could be considered as promising electrode
material for CDI upits. The hardness removal capacity of WCG electrodes reached 4.4 mg g at
an applied voltage of 1.5 V. This result is better than most conventional activated carbon

matenials that are being used in water softening technology.
Keywords: Capacitive deionization, water softening, waste coffee grounds, as-prepared

waste coffee grounds.

L introduction

Hard water has numerous mineral components,
including  iron, manganese, calcium. and
magnesium. Hardness ions are responsible for
serious failures to industrial, domestic. and natural
water, such as pile blocking, membrane clogging,
and efficiency decay of heaters and heat
exchangers [1]. Various methods have been used to
remove these impurities. Examples of these
include ion exchange [2], clcctrodialysis [3.4],
water acidification, and chemical precipilation [S].
However, these processes also involve (he addition
of chemicals into water, and most of these
chemicals are deleterious for human health and
prohibited in drinking water.
result, capacitive deionization (CDI) was
emove charged ionic species such as
Ity water [6]. The basic concept of

Asa

CDi is 10 force charged ions toward oppositely
polarized electrodes by imposing a direct electric
field forming a strong electrical double layer and
holding the ions. Once the electric field disappears.
the ions arc instantly released back to the bulk
solution. In a configuration of CDI cells, the feed
sircam flows between each pair of high capacity
clectrodes, that 15 porous carbon electrodes. By
polarizing both electrodes, the charged ions are
adsorbed on each electrode surface, and positively
charged 1ons are attracted (o the surface of the
negatively charged electrode and vice versa [7). As
CDI is a simple system with high ion adsorption
capacily, it is potentially an alternative softening
water technology with low-energy consumption.

> operation of the CDI process,
ually used as elecirodes.
onal activated carbon {8-11].
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carbon aerogels [12], carbon nanotubes [13-15],
and graphene [16.17). all of which exhibit
excellent electrosorption properties due to their
good conducuvinies. high surface areas, and
suitable pore size distribution. However, they are
quite expensive on account of the chemicals and
machineries  required  for their fabrication.
Therefore, it is very important to find an abundant
v friendly material that can be
2ter softening process.
we demonstrated the possibility of
e grounds (WCG) as highly
for the first ume in CDI
coffee grounds are the residucs of
rinding and brewing. Given the
constant drastic increases in coffee consumption
around the world, enormous amounts of WCG
without any treatment or recycling method are
discarded into the environment. Only negligible
guantites are used as fuel in a carbon fuel cell
technology [18], distributed to the public for
gardening and composting, as they possess high
amounts of potassium, phosphorus, copper, and
magnesium [ 19], applied in supercapacitors [20), or
utilized to produce biodiesel and ethanol [21]. Our
simple thermal weatment. WCG, led to a
ignificant  increase in  surface area and
ecirochemical activity, making it suitable for
ardness ions. As a result, WCG
erably higher CDI performance
ivated carbon maierials and
omising electrode material for
mology.
Material and methods

2.1. Preparation of Waste coffec grounds

Waste coffee grounds (WCG. obtained from
Tanay Hills Coffee Beanery, Hazelnut Arabica,
Philippines) were dried at room temperature for
three days and put in an oven at 50 oC until the
relative humidity dropped below 50% Then, they
were sieved to select the powder grains with an
average uniform size of S00-1000 pym. Five gram
of WCG were baked in a Box Furnace at 950 oC for
three different durations of 30, 60, and 90 min and
denoted as WCG-30, WCG-60, and WCG-90,
respectively. In this step, the carbonization process
occurred and WCG changed its structure, making
the components more suitable for CDI test. To
prevent the combustion of WCG during thermal
neatment, 1 was air-sealed using a ceramic hd,

=

electroserption of
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Finally, WCG was washed with DI water and dned
1o completely remove its humidity.

2.2. Electrode preparation for CDI test

WCG and PVdF (Polyvinylidene fluoride) as
binder (ratio 9:1) were used to fabricate the
electrode. Each graphite sheet electrode was 100
mm width x 100 mm length x 0.21 mm thickness
To achieve sccured adhesion between the carbon
mixture and ge ¢ Jayer, WCG was grounded
smoathly aw mixture of powders (WCG,
PYdr N-Methyl-2-pyrrolidone
solv d and stirred for 24 h, and
then raphite sheet by Dr. Blade
equipme rodes were dried in an oven at
60 oC for | o completely remove humidity, and
then placed into a vacuum furnace at 70 oC for 24 h
10 evaporale residual organic materials. Finally,
the electrodes were assembled into a CDI device
for testing. A hardness water solution was pumped
mto the CDI system, where the voltage was
applied. The dilute solution flowing from the CDI
cell was measured every 10 seconds by a
conductivity meter. The regeneration process was
conducted by turming off the power supply. The
ions adsorbed on the eclectrode surface were
desorbed back into the stream fow.

2.3. Experimental Analysis

The aruficial feed solunon was prepared by
dissolving 28.8 mg L-1 of CaCl2, 22.0 mg L-1 of
MgSO4 7120, and 39.0 mg L-1 of NaHCO3 in D1
this feed solution was used for all the
expermments in this study, and their total hardness
onductivity of the solution were 35 ppm (as
and approximately 110 pS cm-l,
respectively. Surface analyses of WCGs were
studied by scanning electron microscope (SEM),
transimission electron mucroscopy (TEM), energy
dispersive X-ray spectromeuy (EDX) and X-ray
diffraciion (XRD). The Brunauer-Emmet-Teller
(BET) surface area and pore size distribution
(PSD) were examined using nitrogen as an
adsorbate at 77 K. The electrochemical
performances of as-obtained clectrodes were also
evaluated by cyclic voltammetry (CV) at room
temperature.

3. Results and discussion

3.1. Waste coffee ground characterization

To investigate the morphology and crystal
structure of the  samples, scanning electron
microscope (SEM) and transmission  electron

Wy




mjcroscopy (TEM) were performed. As seen in Fig.
1a, the WCG has a honeycomb-shaped structure.
The composition of WCG consisted of volatile
matter (84.86%), fixed carbon (13.85%), and ash
(1.29%), measured by the method in ASTM D3172.
Following the thermal treatment, their organic
compounds were broken up and converted into
inorganic components: and the volatile compounds
resulting in the honeycomb walls
. Longer holding umes for heat
n narrower comb walls. Thus, it
the densities of the samples
their specific surface area
would positively affect the ion

Fag. 1 also displayed the TEM images of the
prisune and as-prepared WCGs. As shown, pristine
WCG had a sheet structure consisting of several
layers. Due to the small amounts of metal elements
in comparison with carbon, the metal elements
were not observed on the sheet surface. Following
the treatment, small particles appeared in each
WCG layer, demonstrating the significant change
in 1ts composition. The particles could be
recognized more discernibly when the duration of
heat weatment was increased (from 30 to 90 min).
Possibly, the numerous holes and pores were
formed on the surface of WCG, consequently
enhancing its specific surface area. This result was

Fig. 1: SEM ond TEM (the inset of SEM image) of (o) pristine WO,
(b} WCG-30, (¢} WCG-60, ond (d) WCG-90

corroborated by BET measurements, described
later in this study.

The energy dispersive X-ray spectrometry
analysis (EDX) of the pristine and treated WCG
mainly indicated the presence of carbon (> 90%)
and oxygen (> 2%), as seen in Table 1. A variety of
other elements (< 2%) were also mamly
determuncd as admixtures (Ca, K, Mg, P, and S).
These resulis indicate that the percentages of these

elemems n samples were considerably
vnchanged a long period of thermal
decompo culd be concluded that the only

change, nents of the samples involved
bon compounds from organic
ns, and the removal of volatle
matters at high temperature. (Table 1)

The XRD pauerns of the pnstine and
as-prepared WCG were shown in Fig. 2a. As seen
in the WCG curve, since the prisine WCG
consisted of several organic compounds (such as
Ligmn, cellujose, glucose) with their own unclear
peaks, an obvious peak could not be distingmshed.
Following heat treatment, organic compounds were
converted into inorganic compounds such as
activated carbon, ash, KCaPO,, CO,, and H,0O
vapor, This change was demonstrated in Fig 2b,
with the sample weight being reduced eight-fold
following 30 min of thermal treatment. Only
KCaPO, peaks could be seen in the XRD curve of

WCG-30.  However,  for
er durations of heat
ment, KCaPO, peaks
gradually disappeared as this
compound was broken into
smaller components, as seen

in the XRD curve of
WCG-90 (Fig.2).
To mvestigate the

difference in specific surface
area and  pore  size
distribution of the materials,

the Brunauer-Emmett-Teller
{BET) wmeasurement was
conducted. As shown in Fig.
3a, the specific surface areas
of pristine WCG, WCG-30,
WCG-60, and WCG-90 were
0.2, 391.9, 675.3, and 675.1
m? g, respectively. Initially,
the pristine WCG had a small

58 16 - Thang 9/2019 281



TAP CHi CGNG THUONS

Table 1. EDX characteristics of psistine and as-prepared WCGs

wee WCG-30 WCG-80 WCG90
Elemant  fo—o — I W i
Waight (%) | Atomic (%) i Weight (%) I flnmh:(%) Weight (%) | Atomic (%) W_e&ght (%) i Atomlc@ |
CK 9529 96 68 9517 | 9743 90.96 9385 93.63 9595
oK 401 3.05 202 155 8.73 5.21 4.08 3
Rig i 018 0.09 044 0.22 1.00 0.51 0.80 0.41
PH 012 005 0.64 0,25 .12 0.05 0.31 012
3K .08 0.03 0.16 0.06 017 0.31 012
KK 004 0.01 003 0.0t .21 0.07 0.01 0.00
Cak 028 0.08 1.55 048 (.81 0.25 0.85 0.26
Totals 100.00 100.00 | 100.00 100.00
Fig. 2: X-ray diffraction palterns and the welight plot of pristine curves ol  WCG-30,

and as-prepared WCGs

WCG-60, and WCG-90.
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a. and it was increased
1l treatment. The maximum
surface urea was achieved at 60 min of baking,
during which the volatile matiers were entirely
removed.  When  prolonging  heat treatment
duration to 90 min, the activated carbon materials
were partly converted to ash; therefore, the surface
area was slightly reduced. The specific surface
area was known o be a powerful parameter to
evaluate the CD! performance. On the basis of the
above BET result. as-prepared WCGs were
expecied to have excellent CDI efficiency.
Morcover, Fig. 3b indicated the nitrogen
adsorption and desorption isotherms of the pristine
and as-prepared WGCs. It was clearly observed
that the hysteresis loops of the pristine WCG
showed the dominance of the micropore structure
with similar adsorption and desorplion curves
“oiiowing heat treatment, the microrpore structure
was converied o mesopore form, as shown in the

“ng 9/2019

The greater duration of
(b) thermal treatment
resulied in more
Mesoporous structures, as
indicated by the clearer
differcnce between the
adsorption and desorption

[Tt
L. I curves. Undoubtedly,
" . mesoporous size
e eaiment ) distribution was greatly
beneficial to ion
elecirosorption in UD] system [22,23]. (Fig. 3).
A three ctrode  system  at  ambient

tempernture was < to measure electrochemical
propertics  of the materials. The prepared
electrodes, platinum plates, and saturated calomel
electrodes were used as the working electrode, the
counter electrode, and the reference electrode,
respectively. The potential  sweep cyclic

\ y (CV) 1t was carried out in
0.1 mol L' KOH solutions at a scan rate of 100 mV
s, 1t should be noted that the specific capacitance
was proportional to the average areas of CV
curves, and that higher capacitance implied that
more elecirolyte ions were able 10 reach the pores
of elecuodes. As seen in Fig. 4, pristine WCG
showed no electrochemical activity with a very
narrow CV curve. After heat treatment, its activity
consider: improved with a  significantly
e. Upon increasing the duration of
process 1o 60 mun, the capacitance




Fig. 3: Surface area and nifrogen adsorpfion

and desorption isotherm of pristine and
as-prepared WCGs
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increased from 1 to 78 and 128 F g
corresponding with pristine WCG, WCG-
30, and WCG-60, respectively. However,
this value decreased 10 91 F g at 90 min
of heat treatment, since the activated
carbon in WCG was partly disintegrated
10 ash with low electrochemical activity.
Moreover, no peak could be found in the
CV curves, suggesting that ions were
adsorbed on the electrode surface by
forming an electric double layer of
Coulombic interaction, as opposed to an
electrochemical reaction. Based on the
excellent capacitance of WCG-60, this
sample was predicted to have the best
CDI performance among all the as-
prepared electrode materials. (Fig. 4).

3.2. CDI unit cell performance

The electrosorption capacity (inmg g*')
is defined as the adsorbed jon amounts per
gram of the electrode and can be
examined by the concentration or
conductivity variation of solutions during
the charging process. The CDI unit cell
performance was conducted to evaluate
the ion removal ability of the electrode.
The conductivity of the feed solution was
approximately 110 uScem.

As discussed above, the pristine WCG
showed no  surface area  and
electrochemical activity. Hence, it was
not necessary to apply it to the CDI test.
Fig. 5 showed the adsorption and
desorption profiles of as-prepared WCGs
at different applied voliages (1, 1.5, and
2.0 V). It was shown in Fig. S that WCG-
60 displayed the best ion removal
efficiency and longest adsorption time at
every voliage. CDI  performance
improved and corresponded with the
increase in the thermal treatment duration
{up to 60 min). However, the efficiency
declined with longer heat treatment time,
as seen at WCG-90. This was because of
the smaller electrochemical conductivity
of WCG-90, as compared to that of WCG-
60. For instance, at 1.5 V, WCG-30,

Fig. 4: CV curve of pristine WCG and as-prepared WCGs
al the scan rate of 100 mV s in 0.1 M KOH solution

20
—
‘e 104
<
<
2 o
("]
[~
4
o -10
[
o
=
3 -204
o —WCG  ——WCG-30
——WCG-60 —— WCG-90
-30 v v T v
10 05 00 05

Potential vs. Hg/HgC! (V)

$6 16 - Théng 9/2019 283



TAP Cili CONG THUONG

WCG-60. and WCG-90 showed CDI efficiencies of
20%. 39%, and 26%. respectively. The maximum
CDI efficiencies that could be achieved were 4.4
mgg'atl.5Vand 6.8 mgg'at2.0V using WCG-
60. This result was in good agreement with the
excellent  properties  of  WCGs, described
previously 1n this article. Noticeably, the ion
adsorption efficiency of as-prepared WCG was
betier than most activated carbon electrodes at the
same applied vol : (2.0 V), such as graphene
(1.8 mg g 1231 carbon nanotube (0.75 mg g")
{24}, or red raphile oxidale-resol (3.2 mg g")
1254

Fig.5: Cyclic test (a) first cycle and (b) alf
cycles of WCG-60 at 1.5 V with a flow
rate of 10 mL min-1 and the leed solulion
of 180 ppm (as CaCOy)
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The cyclic test was performed 1o evaluate the
stability of the WCG-60 electrode in the CDI
unit. This factor played a decisive role with
respect 0 the practical feasibility of this
material. In this case. the concentration of feed
solution was increased to 180 ppm (initial
conducnivity of 540 pS cm'), similar o the
characteristics  of  hard  water in  natural
conditions. Every 10 min of adsorption followed
by 40 mn of desorption was implemented at 1.5
V owith a {low rate of 10 mL m'! (Fig. 6a). The
experiment was repeated 20 times 1n continuous
operation mode for a total period exceeding 20h
(Fig. 6b). As seen in Fig. 6a, the adsorption time
was much less than desorption time. The effects
of the meso-porous structure with the
complicated combination of micro - and meso -
pores on the removal pathway of ions can
explained this. In the first cycle, the CDI
efficiency reached 40%, with a total ion removal
of 3.0 mg g'. As expected, in Fig. 6b, a
sigmficanl degradation of CDI performance was
not observed during 20 cycles. At the 20" cycle.
the CDI efficiency remained at 36%, which was
only than that ot the first cycle.
Undoubiedly,  the results  significantly
demonstrated the excellent stability of WCG
material i the w softening process.

lowes

4. Conctusions

ve successfully introduced the
ed WCG electrode which has
never been used before for CDI test. This
marteria)  showed outstanding  advantages,
including high electrochemical acuvity, large
surface area, abundance, and environmentally
friendly properties. In particular, its CDI
performance was remarkable and stable
compared to other conventional activated carbon
materials. Moreover, by using a thermal
treatment step, the fabrication method of the
electvode was simple and inexpensive. In
summary, the fabricated material displayed
immense potential as a promising electrode
mate { application in water softening

prepa
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NANG CAO HIEU QUA LAM MEM NUGC
TRONG HE THONG CAPACITIVE DEIONIZATION
SUDUNG PIEN CUC BA CA PHE
® TS, TRINH NGOC TUAN

Khoa Cong nghé nang g
Trddng Baihoc B

ng.

TOMTAT:

Trong bdi bio niy, chiing 13i sit dung b ci phé (WCG) d€ ché tao dién cyc hidu qua cao
cho qué trinh khit jon dién dung (CDI). Sau khi dugc hoat héa bdi nhiét dé cao, chat hugng cia
WCG dudc cdi thign rd rét, bao gdm dién tich bé mat i6n vi hoat tinh dién héa durde ndng cao.
Ngoai ra, bi ca phé con c6 céc wu diém khic nhu rit phd bién trén th twrudng. chi phi nguyén
ligu thdp va thin thién vdi mdi trudng. Didu nity khigh cho n6 trd thiinh vat liéu ché tao dien
cyfe CDI rit hita hen. K&t qua nghign cidu cho thdy higu qué loar bd d6 citng ciia WCG [én (&
4.4 mg/g trong didu kign dién 4p 1,5 V. K& qua nay cao han hdu hét céc vat lidu carbon hoat
tinh truyén théng khéc da duge nghién cdu v st dung cho muc dich IAim mém nude.

Tit khéa: Capacitive Deronization, lam mém nudc, bi ca phé, bi ci phé hoat tinh.
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