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Abstract

A study on a possible new biomass waste to be used as electrode material for capacitive
deionization (CDI) processes was performed. Raw almond shells were pyrolyzed at 800, 900
and 1,000 °C and then activated through CO>. Carbon activation is used to develop porosity
inside the material, increasing the specific surface area and the adsorption performances. In
this work, authors tried to correlate the effects of pyrolysis and activation temperature on the
ion storage capacity. Results from the desalination tests indicated that the best performance in
terms of ion adsorption was obtained when the bio-char was activated at the temperature of
900 °C. Brunauer-Emmet-Teller (BET) and Barret-Joyner-Halenda (BHJ) analysis confirmed
the trend of the CDI tests, reporting the highest surface area and share of micropore sites for
the 900 °C samples. Salt adsorption capacity was found to be in the range of 13.7 to 19.2 mg

gt
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1. Introduction

Fresh water supply is one of the most discussed issues of the last decades (Chen et al., 2011;
Z. Chen et al., 2018). On daily basis, almost 100 millions of cubic meters of sea and brackish

water need to be desalinated to match the demand for municipal and industrial purposes (Zarzo
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and Prats, 2018). Most of the desalination plants relies on the reverse osmosis technology,
followed by the thermal distillation processes (AlMarzooqi et al., 2014). One of the main
drawbacks of these system is the environmental pollution due to the energy production to
satisfy the plant demand. In fact, as referred by the Global clean water desalination alliance,
approximately 76 million tons of CO- are yearly generated worldwide, to produce fresh water
from salty sources. It results, therefore, imperative the need of reduce the energy consumption
during desalination, in order to mitigate its relative environmental impact. For these reasons,
there is an increased attention toward the research of a more eco-friendly approach. Capacitive
deionization (CDI) is gaining increased attention due to the potential lower energy
consumption when treating brackish water and to the possibility of using waste biomass as
precursor for the realization of activated carbons (Chérif et al., 2015; Huyskens et al., 2013;
Porada et al., 2013). The analysis conducted by Anderson and his research team (Anderson et
al., 2010) showed promising perspective for brackish water desalination through capacitive
deionization. To evaluate the process efficiency, authors applied the concept of cycle efficiency
used for supercapacitors to the capacitive deionization process, calculating it as the ratio
between the recovered energy during discharge and the one spent in charging. The minimum
thermodynamic energy needed to remove salt ions from water is known to be approximately
1.1 kWh m= and 0.12 kwWh m respectively for sea and brackish water. According to the
thermodynamic model proposed by Anderson (Anderson et al., 2010) if CDI can achieve a
cycle efficiency of 60-70%, it could become an energetically competitive technology for
brackish water desalination. Tests conducted by Welgemoed and Shutte (Welgemoed and
Schutte, 2005), reported a round efficiency of approximately 50%, but further improvements
could be achieved by increasing the efficiency of the energy recovery process.. CDI relies on
porous material, like activated carbons, carbon nanotubes or carbon fibers, that electrostatically
trap and store salt ions from a brackish water flow, thanks to a voltage difference applied
between two electrodes. By inverting the voltage or short-circuiting the system, electrodes can
be regenerated, discharging the ions in a bulk solution (Li et al., 2016; Oren, 2008). To be
effective in ion sequestration, electrode material must guarantee specific intrinsic properties.
In fact, an high surface area, a proper pore distribution, a good electrical conductivity and a
good permeability must be guaranteed (Dehkhoda et al., 2016a, 2016b). Both biomass
recovered material and artificial porous media, was tested in the last years by numerous
research groups (Belaustegui et al., 2018; El-Deen et al., 2014; Zhang et al., 2007). If artificial
material on one hand allows to develop a proper structure that boost ion adsorption, one the

other hand the very delicate and expensive process to realize them limit the diffusion (Anderson



et al.,, 2010; Oren, 2008). Waste biomass sources can significantly reduce the cost of the
activated carbon production, but a lower adsorption capacity must be expected. Different kind
of biomasses (P.-A. Chen et al., 2018; Feng et al., 2018; Hou et al., 2015; Lado et al., 2017; Li
et al., 2016), as well as carbon nanotubes had been tested during the last years. Waste biomass
activated carbons are more and more investigated due to the low prices and the great abundance
of the starting materials. Among the best results of the tested biomasses, Feng and his research
group (Feng et al., 2018) realized and tested activated carbons made from Loofa sponge
achieving a salt adsorption capacity of 22.5 mg g?, with an applied voltage between the
electrodes of 1V. Similarly, Li and his co-workers (Li et al., 2016) tested the activated carbon
produced from cotton waste in a capacitive deionization cell with an applied voltage of 1.2 V,
resulting in an adsorption capacity of 16.1 mg g*. Lower salt removal capacity (5 mg g*) was
reported by Lado et al. (Lado et al., 2017) when using activated carbon made from sugar cane
fly ashes, with an applied voltage of 1.2 V. Moreover, the synthesis of artificial porous media
starting from polymeric structures, is a very delicate and expensive process compared to the

one involving residual.

In the present paper, different pyrolysis and activation temperatures were tested for the
production of activated carbons from almond shells, in order to study the evolution of the
material structure and adsorption capacity. For what is the authors’ knowledge no previous
tests were conducted on the use of almond shells as precursors material for the electrode
fabrication in CDI applications. The aim of the work is to gain information on how this kind
of biomass behave and how the activation temperature affect the carbon structure and its
adsorption capacity. Physical activation was preferred over chemical one since it can guarantee
a good surface area and pore size distribution, without the drawback of dealing with chemical
waste. The analysis conducted on the saturated electrodes allowed also to evaluate the
adsorption capacity in relation to the internal carbon structure, opening to a new field of

possible research on carbon structure for CDI.

2. Materials and methods

2.1 Preparation of the activated carbons
Fresh almond shells were collected already dry and stored for further use. Once needed, the
almond shells were grinded through a miller (Retsch ZM 200; Germany) and sieved (Retsch

AS 200; Germany) in order to obtain particles size lower than 125 pm, dried again in oven at



90 °C for 60 h and then stored at the temperature of -20 °C in Argon atmosphere. For the
production of the activated carbon, a Carbolite tubular furnace (Carbolite Gero 3216CC
Controller; UK) with Ar, N2> and CO; gas feed was used. The biomass was displaced in a
ceramic crucible of approximately 30 cm?, with thickness of the bed of 1.5-2 mm. The crucible
was then placed in the centre of the furnace and Ar was fluxed at 2 L min“* for 10 min to ensure
an inert environment inside the reactor, before starting the pyrolysis. Biomass was then
carbonized at 800, 900 and 1000 °C at a heating rate of 10 °C min™* under an Argon flow of
1.2 L min’t. Once the peak temperatures were reached, chars were firstly carbonized for 10 min
in Argon and then activated by switching to CO> for 15 min, keeping the same flow rate as
before. Once the process was finished, the furnace was let to cool down to ambient temperature
in Argon atmosphere and activated carbons were weighted and stored. The samples obtained
were named AC800, AC900 and AC1000 respectively for the ones produced at 800, 900 and
1000 °C.

2.2 Preparation of the electrodes

Activated carbons were used to prepare the carbon electrodes for the CDI experiments. ACs
were initially mixed with polyvinylidene fluoride (PVDF-Sigma Aldrich 24937-79-9;
Missouri, USA) in a ratio of 9:1 (w/w) for 5 minutes using mortar and pestle. Once an
homogeneous matrix was obtained, N-Methyl-2-pyrrolidone (NMP-Sigma Aldrich 872-50-4;
Missouri, USA) was added and mixed for further 20 minutes to dissolve the binder and obtain
a slurry of the desired consistence. To produce the electrodes, the carbon paste was coated on
a current collector (MTI Corporation — EQ-CC-AI-18u-260; California, USA) using a wire bar
(K-hand coater) and then shaped to the desired dimensions (42 mm X 27mm ). Electrode
thickness was calculated to be approximately 130 um. The carbon paste was dried in oven at
80 °C for 72 h and then weighted and stored. The mass of each electrode was calculated by

weight difference between the dried electrode and the current collector and was equal to 0.06

g.

2.3 Material characterization

Morphology and structure of the activated carbon produced were studied with the Scanning
Electron Microscope (SEM FEI Inspect-F; Oregon, USA) and the Transmission Electron
Microscope (TEM JEOL 2010; Japan), while for the chemical composition the study of Energy
Dispersive Spectroscopy (EDS) spectra was performed. Specific surface area and pore size

distribution were evaluated through Brunauer-Emmet-Teller (BET) and Barret-Joyner-



Halenda (BJH) analysis with Nova 4200e (Austria). SEM was also used to investigate the
changes in the surface structure between the activated carbons and the produced electrodes, to
check whether the use of the binder caused changes in the morphology of the samples. For this
purpose, saturated electrodes were dried in oven at 95 °C to 72 h and then crushed again to

obtain a carbon powder.

2.4 Electrodes testing

Electrodes were tested in a CDI cell. For each type of activated carbons, two different
electrodes pairs were made and tested. Before starting the adsorption test, the cell was
assembled and deionized water was fluxed for 2 h to remove any detachable particles from the
electrode surface that could otherwise influence the following measurements. For the
desalination tests, it was continuously recirculated a 50 ml of a 500 mg L™ NaCl (>99%, Sigma-
Aldrich; Missouri, USA) solution at a flow rate of 10 ml min from the main becker to the cell,
by means of a peristaltic pump (Watson Marlow 323; UK). Between the two electrodes it was
applied a voltage difference of 1.2V, ensured by a power supply (EA 3048b; Germany), and
the salt concentration was continuously measured inside the becker by means of a conductivity
meter (Reed SD-4307 Conductivity/TDS/Salinity Datalogger; USA). Adsorption tests lasted
120 min and the salt adsorption capacity (SAC) of each electrodes pair was evaluated through
equation 1:

SAC — (Cin_cfin)*v
Mey

[mg g™ Eq. 1

Where:

Cin is the initial salt concentration in mg L™
Crin is the final salt concentration in mg L
V is the solution volume in L

Me IS the total electrode mass in g
3. Results and discussion

Morphology and structure of the activated carbons
Pyrolysis and activation led to a mass loss in the samples due to the removal of most of the
volatile compounds (Volpe et al., 2017). The mass yields of the produced activated carbon

were calculated once the carbons had cooled down to room temperature, and were found equal



to 27%, 24% and 24% respectively for AC800, AC900 and AC1000. The morphological
analysis conducted with the SEM showed the presence and the formation of pores on the
external surface of the material as well as bubbling phenomena, possibly due to deposition or
melting (Volpe et al., 2015). The bubbling phenomena increase the pores dimension of the
material, improving the mass transport. As long as pyrolysis proceed, the generated volatile
matter remain confined inside the particle, forming bubbles (Yu et al., 2007). The larger the
particle, the harder is for the activating agent to diffuse inside and develop porosity, as well as
for the produced gases to escape from the particle core. Once the bubble reach the surface, it
explode releasing the volatiles. The whole process is known to further increase the porosity of
the material (\Valdés et al., 2018).

On the external surface, there were found pores with diameter in the range of 10-35um which
can act as main pathways to reach the micro and nanopores in the inner part of the activated
carbon, as also referred in (Fukuyama et al., 2001; Martinez et al., 2006; Zabaniotou et al.,
2008). In Fig 1 a-e it can be seen the pores development on the outer surface of the samples
(Fig 1 c) as well as an increase in the pore diameter of the already existing holes and a reduction
of the thickness of the external wall of the particles, possibly due to the shrinking phenomena

and the removal of volatile compounds.




. 20 ym 1000°C + binder 10 pm
Fig. 1 SEM images of: a) raw almond shells; b) AC800; c) AC900; d) AC900; e) AC1000; f) AC1000+binder.

The already existing holes in the raw material present diameter in the range of 15-17 um, while
in the activated carbons it is increased up to 30-35 pum. The role of COz in carbon activation
and pore structure development was already investigated by Rodriguez-Reinoso and his co-
worker for the production of activated carbon from peach stones (Rodriguez-Reinoso et al.,
1992). Authors found that the action of CO. is more evident as long as the activation
temperature increase, when performing pyrolysis and activation at temperatures within 850 °C.
As also reported by Kennedy and his co-workers (Kennedy et al., 2005), during pyrolysis most
of the volatile compounds are released from the biomass, creating new holes in the structure
while part of the cellulose and lignin are converted into carbon. However, some of the volatiles
produced during pyrolysis might re-polymerize and condensate on the external surface of the
chars clogging part of the existing pores. The following physical activation stage is needed to
remove the tar deposit as well as reopening the blocked pores and create new ones (Pallarés et



al., 2018). The reducing atmosphere, due to the presence of CO2, mostly for temperatures above
700 °C, lead to a partial gasification according to the reverse of the Boudouard reaction (eq.

2), increasing the adsorption capacity of the material.

C+C0O2—-2CO eq. 2

The investigation conducted on the surface of the activated carbon mixed with binder (Fig. 1f),
showed a partial pore occlusion due to binder deposition on the outer carbon surfaces. To gain
information on the surface composition, it was performed an EDS analysis on the AC1000
electrode, to get an overview of the chars composition. The surveys on the external surface
reveal a sample composition made of 83.4 % of carbon, 11.1% of oxygen, 3.1 % of fluorine,
1.7 % of sodium and 0.6 % of aluminium, based on weight. The presence of fluorine is strictly
due to the use of the binder. Moreover, it was also observed a significant evolution in the
internal structure of the three different carbons. The formation of graphitic layers can clearly
be seen in AC800 (white circular spots in Fig 2a,b) together with a broader area of amorphous
carbon. Graphite layers present spacing in the range of 0.13-0.33 nm, which could be due to
different orientation of the crystals. In fact, the measure of 0.13 nm could be relative to the
distance in the carbon covalent bonds while, being the reported distance for graphite planes
equal to 0.34 nm, the measurement of 0.33 nm could be a good approximation of this case. Fig
2c¢ reveals a more uniform internal structure for AC900 with respect to the other two samples.
No evidences of graphitic layers were found even if, since they were spotted in the other
carbons, there should be present in the material.

AC1000 (Fig 2d) presents onion rings structure characteristic of the carbon cluster formation
(Hoekstra et al., 2015) with outer diameters of the rings in the range of 15-25 nm, and an
internal diameter of approximately 9 nm. The number of layers was between 11 and 14, within
all the onions-shaped formations,. The increase in pyrolysis temperature induced significant
changes in the internal structure of the material, increasing the degree of graphitization. Similar
considerations were proposed by Guizani and his research group (Guizani et al., 2017), which
found that for pyrolysis temperature above 600 °C, graphene-like structures were generated
due the crystallization of the polyaromatic compounds released during the process.

These particular constitutions, increasing in size, lead toward a transformation of the

amorphous phase to more ordered graphitic-like structure (Debiagi et al., 2018). Also Billaud



etal. (Billaud et al., 2016) found an increase in soot formation from 800°C with a steep increase

for temperature above 1000 °C.

The formation of soot particles for temperatures above 1000 °C was confirmed by Quin and
his research group (Qin et al., 2012), as well as by Wang et al (Wang et al., 2018). In (Wang
et al., 2018) authors refer of a linear increase in soot yield, on weight, from 0.47% to 5.95%
when the pyrolysis temperature of wheat straw was raised from 1000 °C to 1200 °C, while no
trace was found in the sample pyrolyzed at 900 °C. The process of soot formation is still under
discussion among the scientific community. One of the of possible the pathways of sooth
growth on which many researchers agree on is the nucleation starting from polycyclic aromatic
hydrocarbons (PAH), even though the process in detail is not yet fully understood (D’ Anna,
2009; Debiagi et al., 2016; Frenklach and Mebel, 2020; Wang and Chung, 2019). During

biomass pyrolysis the released PAH from the decomposition of lignin, bonding and growing

in size lead to the nucleation of soot particles. A detailed discussion of soot formation was
proposed by Franklach and Mabel in (Frenklach and Mebel, 2020).

Fig. 2 TEM images of a,b) AC

800, c) AC900 and d) AC1000.

Surface area and pore size distribution analysis



The analysis of the specific surface area and the pore size distribution of the three samples
revealed an increase in the porosity when raising the activation temperature from 800 °C to
900 °C. In Fig. 3 and Fig. 4 are reported the curves of the adsorbed gas volume and the
cumulative surface area for AC800, AC900 and AC1000. When the activation temperature is
increased from 800 °C to 900 °C, the specific surface area is almost doubled, raising from
226.3 m? gl to 452.2 m? gl
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Fig. 3 Adsorption volume for AC800, AC900 and AC1000.

A further increase in the activation temperature up to 1000 °C led to a reduction in the specific
area of almost 30%, reaching 317.4 m? g*. All the three curves present the classic behaviour
of the Type 1 isotherm, according to the IUPAC classification, with an steep increase in the
absorbed volume for relative pressure < 0.2 P/Po, followed by steady increment until P/Po =
0.9. The initial part of the adsorption curve represents the contribution of micro-porosity to the
total surface area, which it can clearly be see that result predominant in all of the three activated
carbon samples. the second branch of the curve is characterized by an almost flat trend,

indicating the lack of larger pores in the material.
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In terms of volume of gas adsorbed, the difference between AC900 and AC1000 is lower than
for the cumulative surface area, presenting a 5.5% decrease from 177 to 167 cm? g2, while for
AC800 was 118 cm® g1. The study of the pore size distribution reveals also a significative

change in the pore development inside the activated carbons (Fig.5).
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Fig. 5 Pore size distribution for AC800, AC900 and AC1000

Comparing the results reported in Fig. 5 with the ones in Fig. 4, it can be noticed that the share
of micropores with diameter <1 nm change significantly when varying the activation

temperature. Indeed, while for AC1000 only 16 % of the pores present diameters <1 nm, for
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ACB800 is 50 % while for AC900 it raises up to 84 %. These results could indicate a variation
in the carbon structure when changing the activation temperature. In fact, the analysis reported
showed a non-linear correlation between the increase in the activation temperature and the
increase in surface area and micropore development. This could be due to the higher degree of
carbonization, as also confirmed by the TEM images, which could imply a re-organization of
the internal structure as well as a widening of the already existing pores.

Similar results were also reported in (Dehkhoda et al., 2014) for carbon activation in the
temperature range of 675-1,000 °C due to micropore collapse when reaching the highest
temperature and the formation of a more ordered structure. Micropore enlargement at high
temperature due to pore walls collapse was also reported by Zhang and his co-workers (Zhang
et al., 2004) when activating agricultural residues through CO». Authors also reported an
increase in the severity of the phenomena as long as the activation time increase. Increase in
surface area for temperature range of 500-900 °C were also reported by Lua and Gou when
testing activation of oil palm shell (Lua and Guo, 2001). Authors found a raise in surface area
for the 900 °C sample when the activation time was kept within 30 min, while a significant
decrease was encountered when char was maintained under CO. for 60 min. This result,

according to the authors, was related to a strong interaction in the CO2-carbon reaction.

Salt adsorption capacity

Electrode testing was conducted with an initial salt concentration of 500 mg L and an applied
voltage of 1.2 V. Each adsorption test was run in duplicate and the average of the two different
runs was also reported in the graphs of Fig. 6. For all the three samples, the saturation of the
electrodes was reached after 120 minutes from the beginning of the tests. AC900 showed the
best salt adsorption capacity, with up to 19.2 mg of adsorbed salt for each gram of electrode
material, while AC800 and AC1000 reached 14.6 and 13.7 mg g, respectively. The obtained
results are in line with the micro-porosity development of the three different samples. Indeed,
it is well established that ion storage is mostly performed inside the pores with diameter lower
than 1 nm (Dykstra et al., 2016; Li et al., 2017; Zhang et al., 2019). In fact, despite the higher
surface area of AC1000 with respect to AC800, the lower amount of micropore sites could
determine an inferior adsorption capacity. At the same time, the highest surface area and
micropore sites of the AC900 determined a significantly better performance when tested inside
the CDI cell. In fact, despite the higher surface area of AC1000 with respect to AC800, the

lower amount of micropore sites could determine an inferior adsorption capacity. At the same
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time, the highest surface area and micropore sites of the AC900 determined a significantly
better performance when tested inside the CDI cell.

Similar trend regarding specific surface area and adsorption capacity for biomass samples
treated at 800, 900 and 1000 °C was found in (Liu et al., 2019) by Liu and his co-workers when
testing pine pollen char for capacitive deionization. Authors reported a significant decrease (-
38%) in specific surface area when the temperature was raised from 900 °C to 1000 °C,
together with a lower ion adsorption. Results from the CDI experiment showed the lowest

potential for NaCl removal for the carbon realized at 1000 °C while the best result was obtained
for the 900 °C treatment.
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The adsorption kinetics was studied through the pseudo-first order (eq. 2) (Simonin, 2016) and

a pseudo-second (eg. 3) (Robati, 2013) order model, which can be formulated as:
Qe—qt| _ __

In [q—] = —kt eq. 2

t

ot 1
4t qe Kz*qd

Where g and g are the amount of NaCl adsorbed (in mg g) at time t and equilibrium, k and

eq. 3

k> are respectively the first and second order constant of adsorption, and t is the time. Between
the two models, it was selected the one that presents the higher correlation coefficient R%. The
values of R? for the pseudo-first order and pseudo-second order models and for all the three
activated carbons are resumed in Tab. 1. It can clearly be seen that the second order kinetic
presents a weak correlation for all of the activated carbons, while the first-order fit very well
with the data collected from the experiments. Equation 2 was plotted for the three activated

carbons and results are reported in Fig. 7.

Sample R?
1%t order 2" order
AC800 0.97 0.57
AC900 0.91 0.67
AC1000 0.91 0.84

Tabl. Pseudo-first and pseudo-second order kinetic correlation coefficient
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Fig. 7. Pseudo-first order kinetics

The saturated electrodes were further studied through SEM/EDS and TEM/EDS analysis. For
the Na* saturated electrode, when evaluating the external composition through a SEM/EDS
analysis, there was found an increase in the sodium concentration when inspecting the main
outer pores of the material with sodium concentration raising up to 4.03 % (w/w) from the

starting value of 1.76 % obtained during the surveys on AC1000.

Perspective, applications and future works

Even if numerous researches has been conducted over the last years on CDI, the present
technology is still far away from a possible industrial scale application. The main aspects on
which the scientific community is working on are the development of a proper carbon internal
structure, the reduction of losses inside the cell and the energy recovery from the electrode
regeneration step. An appropriate electrode hierarchical porosity can enhance the velocity and
the electrosorption capacity, promoting the fluid diffusion inside the material and the ion
storage in the micropore sites. Regarding the energy recovery processes, two pioneering works
was proposed by Garcia-Quismondo and his research group (Garcia-Quismondo et al., 2013)
and by Dlugolecki et al., (Dtugotecki and Van Der Wal, 2013). In this latter work, thanks to
the optimization of the electrode regeneration step, authors were able to reduce the energy

15



consumption up to 0.26 kwWh m for a brackish water desalination system, making it
competitive with the traditional processes.

Aside from the traditional application in deionization systems, the possibility of coupling CDI
with renewable energy sources and the easily scalable dimension of the plant, makes this
technology suitable even for the installation in remote locations or developing countries
(Mossad et al., 2013). Different studies was conducted to verify such hypothesis running small
plants, even in an off-grid condition. These consideration could make CDI an optimal solution
for isolated villages who have only access to brackish water sources and no direct connection
to the electric grid. Tang and his research group (Tan et al., 2018) studied the possible
connection of a 5 m® day* membrane capacitive deionization plant to a photovoltaic plant to
furnish the energy needed. Another technical solution based on renewable energy sources, has
been proposed by Forrestal et al., (Forrestal et al., 2012) who studied the possible use of a CDI
system fuelled by a microbial cell. Authors were able to satisfy the energy need, obtaining also
significative results in terms of total dissolved solid removal.

It could also be useful to broader the present research to analyse more in depth the transition
from the activation temperature of 900°C to 1000°C, since within this range seems to happen
the more evident modifications inside the char particles. At the same time, evaluating how the
activation time affect the final material could drive to a proper procedure to obtain the best
adsorption capacity from the starting biomass sample.

A further study is in progress at the moment, trying to couple crystallography analysis, with
ion adsorption capacity. In order to be effective, authors are trying to find various
monocrystalline, polycrystalline and amorphous carbon sites to evaluate their Sodium and
Chlorine concentrations, in order to define possible adsorption trends in relation to the carbon

structure.
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4. Conclusion

The evolution of the structure and the adsorption behaviour of three different activated carbon
were investigated. Significant changes in the specific surface area and pore size distribution
were found when raising the activation temperature from 800 to 1000 °C. Cumulative surface
area was found equal to 225, 450 and 316 m? g* respectively for AC800, AC900 and AC1000.
Nevertheless, the adsorption capacity did not follow the same trend, presenting a reduction of
28 %, form 19.2 to 13.7 mg g, when the activation temperature was increased from 900 to
1000 °C.
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