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ARTICLE INFO ABSTRACT

Keywords: Adsorption is a well known effective technology for water treatment. Although limited capacities of adsorbents
Macadamia nutshell biochar (MBC) and regeneration issues are two common challenges. This study proposed and tested innovative approaches for
Nitrate

improving adsorption/desorption of biochar made from macadamia nutshell (MBC). These approaches are
capacitive deionization (CDI) and degaussing (full process detailed in methods), for the respective enhancement
of adsorption and desorption of MBC. Nitrate was used as a model contaminant. It was found that CDI could
extend the saturation time of MBC by increasing the bed specific throughput by 10 fold. Modeling of the
breakthrough curves showed that the modified dose-response model fits well the experimental data. The
regeneration of MBC with degaussing and deionized water backwash was compared with conventional tap and
deionized water backwash. Degaussing increased the maximum nitrate recovery for deionized water from 50% to
73%. In comparison, the maximum nitrate recovery with tap water was 23%. The degaussing improvement of
nitrate desorption holds for only the first 60 min. The obtained charge efficiency for MBC-CDI was slightly higher
than literature values for the same applied voltage (78,6%). The degaussing system was also proven to be
efficient with energy consumption of 43,7 J/mmol of NO3. The possible mechanism behind degaussing
improvement of nitrate desorption is the removal of the static charges on nitrate ion hydration. The regenerated
MBC with degaussing and deionized water was tested with CDI for nitrate adsorption and compared to fresh
MBC. The regenerated MBC-CDI exhibited better nitrate adsorption than fresh MBC for two cycles.

Fixed-bed adsorption
CDI and degaussing

1. Introduction

Chemical fertilizer application and wastewater discharge are among
the main factors contributing to the increase of nitrogen loaded in
watershed [1]. Urban runoff carries nutrients from unutilized fertilizers
in agricultural fields, sanitary plants or animal wastes to water re-
sources. The mitigation of N oxides (NO3) to groundwater and surface
runoff has deteriorated water quality and may lead to hypoxia condi-
tions [2]. The accumulation of nitrogen oxides from the atmosphere to
sea and land can damage water bodies through eutrophication [3]. The
excess NO3 in drinking water threatens human health and has been
linked to several diseases such as diabetes, methemoglobinemia, stom-
ach cancer and thyroid disorders [2,4].

Numerous physical and chemical techniques have been used for ni-
trate removal from aqueous solutions. These include filtration,
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coagulation, chemical reduction, electrodialysis, biological techniques,
ion exchange and adsorption [5,6]. Most of these methods either require
high cost, long processing time or produce high volume of sludge. Unlike
these methods, adsorption is relatively fast and requires minimal energy.
Adsorption can be applied using low-cost waste material such as bio-
char, which can easily be regenerated [7]. The renderability of adsor-
bents allows reducing the volume of the sludge produced from the
process, and also offers opportunities of recovering adsorbate.

In recent years, biochar has gained great attention due to its envi-
ronmental applications in the field of water and wastewater treatment. It
was used to remove a wide range of organic, inorganic and heavy
metals/metalloids [8-10]. Biochar is a carbon-rich material produced
from biomass's thermochemical conversion in the absence of or in an
oxygen-limited environment [11]. The temperature ranges for the
thermochemical conversion of biomass are 300-700 °C and
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500-1000 °C in the case of slow and fast pyrolysis, respectively,
750-900 °C for gasification, 180-300 °C for hydrothermal carboniza-
tion, 290 °C for torrefaction and 300-600 °C for flash carbonization
[12]. The yield of biochar and its chemical and physical properties are
directly related to the process adopted for its production (temperature,
residence time and heating rate) and the biomass used. The latter may
range from agricultural and forestry residues, wood waste, animal
manure, sludge waste, etc. [12].

Currently, much attention has been paid to the recirculation of
macadamia waste into adsorbents for water/wastewater treatment
[13,14]. Macadamia nutshell is a lignocellulose waste material resulting
from the macadamia nut processing. The amount produced worldwide is
about 44,000 metric tonnes in kernel form, with 86% of the total amount
produced in Australia [15]. The amount recycled as fuel or garden
mulch was reported to be 5000 tonnes of the overall produced waste,
while the rest was discarded as a solid waste [16]. The thermal con-
version of macadamia nutshell into biochar was addressed as a vital
waste recycling method [17]. Macadamia nutshell biochar (MBC) is a
highly porous material with large surface area and active surface func-
tional groups, such as carbonyl and hydroxyl [17]. The high surface area
of MBC makes it an effective adsorbent for nitrate. Yang et al. found that
nitrate adsorption into biochar produced from different agricultural
waste is directly related to the surface area [6]. Macadamia nutshell was
rarely examined for the removal of nitrate from water. Limited studies
examined the MBC's nitrate removal capacity, mostly conducted in
bioreactor systems [18,19]. Our research team conducted one of the
very few studies that examined nitrate removal with MBC in a column
system [20]. Two research questions arose from this work: the possi-
bility of improving the adsorption capacity of MBC and its regeneration
using chemical-free techniques. Most of the regeneration and adsorption
improvement methods rely either on using chemicals such as NaOH,
H20,, solvents etc. or high energy techniques (thermal regeneration).
Using chemical regeneration methods contributes to the discharge of
more pollutants into the environment. In some cases, highly toxic and
costly chemicals may be needed for the regeneration process [21].
Therefore, it is crucial to investigate innovative, environmentally
friendly methods for enhancing the adsorption and regeneration of
biochar.

This study proposes a novel cost-effective approach of applying
Capacitive De-Ionization (CDI) and a unique degaussing technique for
improving the adsorption and desorption capacity of MBC using nitrate
as a model contaminate. CDI is an environmentally safe and cost-
effective method that was originally used for the desalination of saline
water. The principle of the process is based on the electric double layer
theory, in which two different charges will be provided to two porous
carbon electrodes, thus attracting the dissolved ions in the solution [22].
The common techniques for regenerating CDI are short circuit, reduced
potential and polarity reversal [23]. Although these techniques do not
generate secondary waste, they still have some shortcomings, or they do
not suit the proposed system setup in this study. For instance, short-
circuit and reduced potential have low regeneration efficiency and
long desorption times [24,25]. Polarity reversal is not suitable for the
case of this study as the system does not include a selective membrane to
prevent ions being transported to oppositely charged electrodes.
Therefore, degaussing has been proposed in this study to test as a new
regeneration technique. Degaussing is an existing technique that has
mostly been used to remove static magnetic fields from ships or in more
recent times from cathode ray tube (CRT) displays. The concept of this
technique is that any residual static magnetic field is removed when a
stronger alternating magnetic field (of no DC or average bias) is applied.
In this study following a similar approach to static charge rather than
magnetic field, a stronger AC voltage is applied to remove any residual
charges in the carbon elements. Looking at the CDI system as an
equivalent electrical circuit it may be seen as a capacitor with a number
of parallel plates. In order to remove any residual or DC component, a
degaussing AC signal of approximately an order of magnitude higher is
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applied. The purpose of CDI in this study is to improve nitrate adsorption
onto the MBC column by boosting electrostatic interactions. The column
behaviour with and without CDI was studied using common break-
through curve models. The effect of CDI incorporation on column per-
formance indicators such as carbon usage rate and specific throughput
was also assessed. The degaussing was coupled with a deionized water
backflush to collect the desorbed nitrate from MBC. The regeneration
with degaussing will be benchmarked with tap and deionized water
regeneration alone. The capacity of the regenerated column for nitrate
adsorption was evaluated for two cycles in this study.

2. Materials and methods
2.1. Solution preparation

As highlighted in the introduction that nitrate has been selected as a
model contaminant in this study. A 100 mg/L of nitrate stock solution
was prepared by dissolving 135.4 mg of sodium nitrate analytical re-
agent grade (Chem-Supply, Australia) in 1 L of distilled water. This stock
solution was prepared to save time, reduce storage space, conserve
materials and improve the accuracy of dilution series preparation. It was
found in our previous study on nitrate removal with MBC that the
highest applied concentration of 15 mg/L resulted in the highest
removal [20], and this concentration level was applied in this
investigation.

2.2. Biochar preparation

MBC was used in this study for investigating nitrate removal and bed
regeneration. Details of MBC preparation and characterization are pro-
vided in our previous work [20]; it is important to highlight the char's
preparation conditions and characteristics briefly. MBC was prepared in-
house under slow pyrolysis at 1000 °C using a kiln (Rio Grande PMC
Model #703-118, Rio Grande, Albuquerque, NM, USA). MBC prepared
at 1000 °C is characterized by its porous structure, high crystallinity,
high carbon content of more than 90% and presence of hydroxyl and
carboxylic groups.

2.3. Preparation of carbon electrode

Carbon is widely used for preparing CDI electrodes due to its low
contact resistance, low cost, high electrical conductivity and practi-
cality. In this study, carbon electrodes were extracted from 6 V Eveready
heavy duty batteries. The electrodes were cleaned, then sterilized with
ethanol and covered with copper caps. The electrodes were connected to
two linear power supplies, GwInstek model GPC-3030D for the CDI
mode of operation.

2.4. MBC-CDI column setup

A plastic column with an internal diameter of 3.85 cm and a height of
14 cm was used to conduct the experimental work. The column was
packed with MBC to a bed height of 12.20 cm. Six holes were made on
two sides of the column for embedding the electrodes into the biochar,
as presented in Fig. 1. The three right holes were made at distances of 1,
5 and 9 cm from the bottom of the column, while the three left holes
distance from the bottom were 3, 7 and 11 cm, respectively. The column
was packed with 46.3 g of MBC in stages, where each electrode was
inserted into the column at the set depth and covered with biochar. A
fibreglass screen was laid on top of each layer to separate them and
prevent MBC particles transport across the layers. Each electrode was
glued to the column with commercial silicon to prevent leakage. The
same process was repeated for the rest of the biochar layers and elec-
trodes. Once the column was packed with MBC and the six-carbon
electrodes, the top of the column was covered with doubled fibreglass
screen to prevent MBC particles escaping to the filtrate tank. The column
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Fig. 1. MBC-CDI filtration column.

was sealed from the top and the bottom using plastic caps and silicon.
The feed and discharge tanks were connected to the column using silicon
tubes. Twenty-litre, sterilized plastic containers were used to carry the
feed solution and the filtrate. The feed solution was pumped into the
bottom of the column using a Masterflex peristaltic pump (model no.
7520-47, USA). The electrodes were connected to the power supply
(Farnell, Stabilized power supply L30-2) to provide the system with a
voltage of 1.2 V, with current decreasing over time. The applied CDI
parameters were chosen at these levels to avoid the occurrence of some
technical problems such as the increase of pH, scale deposition on
electrodes, water electrolysis near the electrode and high energy con-
sumption. The equivalent capacitance of the system was determined
using a Fluke 289 multimeter system, yielding approximately 500 pF. It
is worth mentioning that the possibility of inter-cell short circuiting was
tested by measuring the current drawn by a dry column to check if any
direct contact was made across the fibreglass screen. In addition, the
same test was done with deionized water flowing through the CDI cell
and checked that current drawn was negligible i.e. <0.00 mA. The same

setup explained above was used for performing the regeneration ex-
periments, except that the feed solution was replaced with backflush
water (tap water or deionized water, denoted as TW and DW,
respectively).

2.5. MBC-CDI nitrate removal procedure

Nitrate solution was fed to the MBC-CDI column at a flowrate of 2
mL/min. At the same time, the power supplies were turned on to start
the electro-sorption process. The solution was single passed upward
through the column for 72 h and samples were taken at 5, 15, 30, 60,
120, 180, 240, 300, 360, 720, 1440, 2880 and 4320 min to find the best
removal timeframe as this would help in defining the effective operating
conditions and accurately finding the saturation point of the column.
The adsorption tests with MBC alone were performed using the same
setup. This means that MBC tests accounted for physical adsorption by
both biochar and electrode materials.
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2.6. Regeneration scenarios

As discussed in the introduction section, a decent part of this study is
intended to test the performance of proposed chemical-free electrical
regeneration techniques compared to traditional backflush techniques.
This study proposed using degaussing as an external shock to induce the
desorption of nitrate from the MBC-CDI bed. The degaussing conditions
applied in this work are 100 Hz frequency square waveform with
amplitude of 7.5 V with power drawn decreasing over time from 45 mW
to 15 mW. The regeneration experiments were conducted on the satu-
rated MBC-CDI column. The same flow conditions and sample collection
routine as those applied in the removal experiments were repeated in the
regeneration treatments. It is noteworthy that two types for flushing
water were tested: DW for simulating lab environments and TW for
simulating practical, real-life applications. It is important to emphasis
that the purpose of using TW and DW in this study was to serve as a
benchmark for evaluating degaussing technique rather than testing
them as regeneration techniques for biochar columns. TW might be used
alone or for diluting regeneration chemicals in reallife small-scale ap-
plications, but DW is an unlikely option for such a use due to its high
cost. The regeneration with only TW and DW was performed for 2 cycles,
while with degaussing for 3 cycles. The goal of the regeneration tests
was to examine preliminarily performance of the proposed degaussing
technique versus the conventional flush with water approach. Although
a limited number of cycles were applied in this study, this was deemed
acceptable, especially in that our study is testing this technique for the
first time and the focus was on studying the possibility of applying it in
biochar columns. There are many examples of studies in the literature
where a limited number of regeneration cycles (up to 3) were applied
particularly when new applications or adsorbents were under investi-
gation such as the studies reported in [26,27]. The regenerated columns
with degaussing were tested again for nitrate removal for at least two
cycles. All experiments were conducted in triplicate in this study, and
results will be presented in mean values with standard error values
stated.

2.7. Nitrate measurements

The removal capacity denoted as q; (mg/g MBC) of nitrate was
determined by applying Eq. (1). Ion chromatography ICS-2000 system
(Dionex-Thermo Fisher, Melbourne, Australia) was utilized for
measuring nitrate concentration in the collected samples applying
standard method 4110B detailed in [28].
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2.8. Fixed-bed sorption models

The column performance and adsorption behaviour are commonly
studied using the relationship between adsorbate concentration and
time, called the breakthrough curve (BTC) [29]. An adequate prediction
of BTC for given operating conditions plays an important role in
designing fixed-bed column adsorption systems [30]. This can be done
by utilizing practical, simplified models developed to study adsorbate-
adsorbent's dynamic behaviour in fixed-bed columns systems. This study
examined nitrate adsorption behaviour onto MBC and MBC-CDI col-
umns using six commonly used fixed-bed adsorption models in their
none-liner and liner formats. The mathematical formulae of these
models are presented in Table 1. The definition of the parameters of
these models and other formulae applied in this work is provided in the
nomenclature section.

A brief discussion of the applied fixed bed models are provided here.
The Bohart-Adam model carries the names of the two scientists who
developed it for studying the removal of chlorine from the air using a
charcoal column. The model is based on the assumption that adsorption
rate is directly related to the concentration of adsorbate and the residual
capacity of adsorbent [31]. Thomas derived a model for studying the
adsorption process in a fixed-bed column using the Langmuir isotherm
and second-order reaction kinetics [32,33]. The Yoon-Nelson model was
developed to investigate gaseous adsorption onto respirator cartridges
[34]. The main premise of this model is that the rate of decrease in the
probability of adsorbate adsorption is proportional to the probability of
the adsorbate adsorption and breakthrough on the adsorbent [29]. This
model is relatively simple compared to other fixed-bed models, as it does
not require knowledge of the adsorbate and adsorbent characteristics
[35]. The development of the Clark model was based on the Freundlich
isotherm and mass transfer concept [36]. The purpose of developing this
model was to evaluate the performance of granular activated carbon
filters for removing pollutants in drinking water treatment systems. The
adsorption of pollutants onto activated carbon motivated Wolborska to
develop a fixed-bed model based on mass transfer concepts for low
concentration breakthrough curves [37]. The model is simplified to its
popular format shown in Table 1 with the assumption of negligible axial
diffusion, which is likely the case for short columns and high solution
flow rates. Yan and co-workers developed the modified dose-response
model to find a fit better than Bohart-Adam and Thomas models for
metal adsorption onto fixed-bed of biomaterials [38]. The model is
empirical, and it is based on the formula of logistics model in statistics
that is analogous to typical breakthrough curve in fixed-bed systems.

The goodness of fit for the models experimental data was evaluated
by determining the coefficient of determination (RZ), Chi-square coef-

- M [6)) g
9. = X ficient ()(2) and the sum of square error (SSE).
Table 1
Applied fixed-bed models in this study.
Models None-linear form Linear form Equation no. Reference
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3. Results and discussions
3.1. Effect of CDI technique on the MBC adsorption capability

The difference between the breakthrough curves of MBC with and
without CDI was investigated in this study and the results are shown in
Fig. 2, with the breakthrough curves for the first 6 h period depicted in
the insert. The results presented in Fig. 2 indicate that the column length
was shorter than the mass transfer zone (MTZ), resulting in a very small
breakthrough time (tg ~ 0). The MBC column reached the exhaustion
time (tg) at approximately 360 min. The introduction of CDI extended tg
by 12 fold to 4320 min. The values of tg and tz are normally determined
based on the adsorbate concentration in the effluent. The time required
for the adsorbate concentration in the effluent to reach 5% of its con-
centration in the influent is usually termed as the breakthrough time.
The time needed for adsorbate concentration in the effluent to arrive at
95% of the influent concentration is called exhaustion time [5]. Due to
the short column length, the tg value was selected for a target removal of
90% as shown in the inset in Fig. 2. According to this criterion, the tg for
MBC and MBC-CDI columns were found to be 5 min and 60 min,
respectively. When the adsorption removal dropped to 10%, the time
corresponding to this value was considered as tg for the two treatments.
The reason for choosing 10% removal as a mark for bed exhaustion is
that the adsorption capacity of MBC bed started to decrease slightly after
this removal level (<10% change after 360 min of column operation).
The phenomenon of adsorbent not being able to reach 100% exhaustion
was explained by the possibility of adsorbate reaction with other ma-
terials on adsorbent where the latter serves as a catalyst [31]. Given that
nitrate solution was prepared with distilled water, the only possibility
left for speculation is the presence of some materials on MBC that were
not washed off when cleaning was applied. These materials might have
reacted with nitrate. We conducted FTIR analysis in our previous work
[20] and observe that the signal intensity of functional groups reduced
after nitrate adsorption indicating nitrate involvement in chemical
reactions.

Although CDI increased the tg, it did not affect tg. CDI might have
improved mass transfer of nitrate through film, pore and surface diffu-
sion mechanisms by boosting electrostatic interactions (e.g. Columbia
attraction [40]), which is deemed to be one of the major adsorption
mechanisms of nitrate onto BC [41]. However, with the short column
length and the influent flowrate applied, this effect was not sufficient to
slow down the movement of MTZ with respect to the solution flow to
achieve a typical S-shape breakthrough curve. Practically, tp is linked to
the set removal target of contaminants which is not necessary 100% in
real life applications.

The common NO3 removal mechanisms using BC alone are
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Fig. 2. Nitrate relative concentration variation with time for MBC alone and
combined with CDL
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functional groups and ion exchange mechanisms and to a lesser extent
the physical adsorption which is highly influenced by micro-pore vol-
umes and surface area [42,43]. It is likely that the electrostatic inter-
action mechanisms are also involved in the removal in this study as
electro-sorption capacity increases with increasing thermal pyrolysis
temperature of the biomass material. High temperatures lead to higher
graphitization levels, minimizes the electrical resistance of the MBC
surface and increases the specific surface area [44]. In terms of removal
mechanisms, the case with CDI can be slightly different as the electro-
static interaction is the prominent mechanism. The capacitance of the
CDI electrodes is limited; however, a large surface area of MBC enhances
the removal efficiency when combined with CDI. High surface area and
good mass transfer were the key points for better adsorption and electro-
catalysis applications [48], which can explain a higher removal for CDI
with MBC compared with the latter alone. The high surface area and
porous structure of MBC are demonstrated in the SEM micrograph
(Fig. S-1a). The graphitization of MBC that supports the electrical effects
of CDI is shown in the XRD diffractogram depicted in Fig. S-1b. The
degree of crystallization as an indicator for the graphitization of MBC
was calculated to be 20.72%.

Testing an integrated electrochemical (EC)-adsorption system was
addressed by a limited number of studies. Most of the studies used
biochar as a material for manufacturing CDI electrodes. For instance,
Dehkhoda et al. and Maniscalco et al. [45,46] examined the removal
efficiency of NaCl with CDI electrodes manufactured from BC made from
wood and almond shells. They both found that the pore structure of
biochar plays an important role in electro-sorption processes. A recent
study performed by Stephanie et al. [47] reported an improvement in
electro-sorption based CDI of NaCl by customizing the surface chemistry
of BC with the addition of an amine group. Compared to the studies
mentioned above, the authors could only find one study with a similar
experimental configuration to the one applied in this study (i.e. inte-
grated CDI electrode into biochar column). However, this study used ion
exchange resin beads as dispersed adsorbents inside a stainless-steel
sieve serving as an anode and a copper plate as a cathode [48]. It was
found that the synergistic effect of both adsorption and EC resulted in
nitrate removal equal to the combination of the removal of the two
processes individually.

Two commonly applied criteria in fixed-bed studies were applied to
quantify the effect of integrating CDI into the MBC column on the sys-
tem's overall performance. These are specific throughput and carbon
usage rates (CUR) that were calculated for MBC and MBC-CDI systems
using Egs. (8)-(10) [40]:

Specific throughput = ﬁBCPB (8)
Vg

EBTC =— ©)]
Q

CUR ! (10)

- Specific throughput

when applying these tg values in Egs. (8)-(10), it was found that CDI-
MBC had more than 10 times higher specific throughput compared to
MBC, which in turn results in 10-time lower CUR, as it can be seen in
Fig. 3.

3.2. Application of fixed-bed sorption models

The fixed bed sorption models (non-linear format) presented in
Table 1 were fitted against the experimental BTC data for MBC and MBC-
CDI columns. The results are presented in Figs. 4 and 5, respectively. It
can be seen from both figures that Thomas and Wolborska models did
not provide a good fitting for the experimental data. The former pre-
dicted no change in relative concentration with time, while the latter
predicted the change in relative concentration with time to be
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exponential. A study conducted by Lee et al. [29] on phosphate
adsorption onto fixed-bed columns also found that Wolborska predicted
exponential growth of relative concentration with time. Other models
showed good agreement with the experimental data. Hence, further
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discussions of the models' parameters and their goodness of fit indicators
will exclude Thomas and Wolborska models.

Tables 2-5 present the results of the fitting excises of the models with
good agreement with the experimental data. It can be seen that the
modified dose-response model provided the best fit for the experimental
data of both columns with the highest R? and lowest y and SSE. Other
models provided a decent fit for the experimental data and predicted
well the adsorption parameters. For instance, the Yoon-Nelson model
predicted well the value of t for both columns. Similarly, the Bohart-
Adam model predicted a higher sorption capacity of MBC-CDI than
MBC, which is reflected in the increased saturation time in the break-
through curves. The Bohart-Adam model provided a good prediction for
the first part of the breakthrough curve. The deviation from the exper-
imental data starts to grow bigger as the columns reach saturation. Other
studies reported a similar trend on nitrate adsorption onto the fixed-bed
column of activated carbon [49,50].

The models' parameters provide useful information for the charac-
teristics of the two columns. Reflecting on the fitting results for the fixed
bed models, it seems that incorporating CDI improved the rates for mass
transfer and the possible reactions of nitrate with MBC indicated by the
increase in Bohart-Adam rate constant. This is also evident in the in-
crease in r parameter for Clark model that is derived from the mass
transfer coefficient [36]. CDI also increased the adsorption capacity of
MBC column, which is seen in the significant increase in the parameters
representing maximum adsorption capacity in Bohart Adams and
modified dose response models (qp and Np).

It is noteworthy that the linear format of the fixed-bed sorption
models was also fitted against the BTC experimental data in this study. It
was found that the linear format of all the models except modified dose-
response produced poor fittings represented by low R? and high y? and
SSE (results are presented in Supplementary materials, Sections 2-5). All
in all, it can be concluded that any of the four models, Bohart-Adam,
Yoon-Nelson, Clark, or modified dose-response in their non-linear
format, can adequately predict breakthrough curves of nitrate adsorp-
tion onto MBC and MBC-CDI. However, the modified dose-response
model is the best model for predicting the breakthrough curve behav-
iour of MBC and MBC-CDI.

3.3. Degaussing versus backflush alone with TW and DW

The ability of an adsorbent to regeneration is an important envi-
ronmental and economical aspect that determines its feasibility for
water decontamination [51,52]. In this study, the regeneration of the
saturated column was conducted using the simplest means for this
purpose represented by applying DW and TW. The elution curves of both
water types for two cycles are presented in Fig. 6a and b, respectively.
These curves resemble the typical elution curve for the fixed-bed
desorption process presented by Worch [57]. It should be mentioned
that the letter C in the legend for this figure and the following elution
curves' figures denotes the regeneration cycle. The concentration of
desorbed adsorbate reaches a maximum at the first quarter of the elution
time and then tails off as the elution time goes on.

DW resulted in better desorption compared to TW. This is due to the
stronger stripping capacity of deionized water that does not contain any
element to compete with nitrate. DW water recovered a maximum of 7,4
mg/L and 5,6 mg/L in the first and second cycles. In comparison, TW
resulted in a maximum nitrate desorbed of 5,3 mg/L for cycle 1 and

Table 2
Bohart-Adam model fitting parameters.

Column type Model parameters Fitness parameters

kea N R? 7 SSE
MBC 0,0012 48,64 0,899 0,280 0,227
MBC-CDI 0,0040 290,58 0,808 4430 0,648
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Table 3
Yoon-Nelson model fitting parameters.

Column type Model parameters Fitness parameters

kyn T R? Ve SSE
MBC 0,018 112,68 0,899 0,400 0,227
MBC-CDI 0,005 533,61 0,861 0,476 0,377
Table 4
Clark model fitting parameters.
Column type Model parameters Fitness parameters
A r n R? 7 SSE
MBC 0,015 0,011 1007 0,920 0,302 0,177
MBC-CDI 0,019 0,013 1007 0,883 0,373 0,295
Table 5
Modified dose-response model fitting parameters.
Column type Model parameters Fitness parameters
a q0 R? 7 SSE
MBC 0,927 70,11 0,927 0,218 0,127
MBC-CDI 0,761 849,28 0,960 0,216 0,051

decreased to 4,3 mg/L for cycle 2. To quantify the efficiency of the
regeneration process, the concentration factor defined as the maximum
eluent concentration divided by the influent concentration was calcu-
lated for both elution solutions [53]. The concentration factor for DW
was calculated to be 0,49 and 0,37 for cycles 1 and 2, respectively. The
corresponding figures of concentration factor for TW were lower (0,35
and 0,28 for cycles 1 and 2, respectively). The concentration factors
obtained from DW and TW are several folds lower than those reported in
other studies [52,53]. This is due to the use of chemicals such as EDTA-
Na; and HNO3 by the studies mentioned above in the regeneration
process. Nitrate desorption from biochar has been attributed to low bond
energy and ion exchange mechanisms [42]. In the case of this study, the
low bond energy and the concentration difference between elution so-
lution and biochar surface had the main role in desorbing nitrate.

The results of adsorption and desorption experiments suggest that
the adsorption of nitrate onto MBC is a faster process than desorption.
This might be an attractive trait for MBC in soil amendment applica-
tions, but it may be regarded as a disadvantage for MBC in filtration
applications. Hence, exploring ways of speeding up the regeneration and
nitrate recovery from MBC is important. This study proposes using
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degaussing coupled with the backflush for regeneration and nitrate
recovery.

Fig. 7 presents a comparison between nitrate recoveries of degaus-
sing coupled with DW backflush for three cycles. An extra cycle more
than the DW and TW was conducted to monitor the impact of the cycles'
number on regeneration efficiency with degaussing, given it is of special
interest in this study. It can be seen that applying degaussing on the
saturated column resulted in a very similar unsymmetrical shape to the
elution curves obtained with DW and TW, with a rapid nitrate concen-
tration increase for the first 30 min, followed by a flatter diminution as
shown in Figs. 6 and 7. The maximum effluent of nitrate concentration
peak was achieved in about 30 min for all the cycles. About 73% nitrate
recovery was achieved for the first cycle with an elution concentration of
11 mg/L. For DW alone, the maximum elution concentration was about
7,5 mg/L, approximately 50% nitrate recovery. The degaussing resulted
in a further increase in eluted nitrate by 23%. The first cycle of
degaussing and DW backflush resulted in approximately double the
amount of nitrate eluted obtained with TW. For the second and third
cycles, the released nitrate concentration became lower at 9 and 7 mg/L,
respectively. Similar to DW and TW, the maximum eluted nitrate
decreased by about 2 mg/L after each cycle. So, degaussing did not in-
fluence the effect of cycles numbers on the loss of desorption capacity.
As the desorption time went on to 6 h, the eluted nitrate concentration
dropped significantly to 2,5, 1,8 and 1,3 mg/L for cycles 1, 2 and 3,
respectively. This drop was lower than the drop recorded with TW and
DW. This suggests that the best application for degaussing is for a short
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Fig. 6. Nitrate desorption with DW (a) and TW (b).
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elution time (the first hour); then, the effect becomes negligible or even
negative at a long elution time. Although a limited number of cycles
were performed in this study, one can conveniently infer that desorption
with degaussing drops almost consistently with cycles at least for the
three cycles performed (Maximum desorption drop by about 2 mg/L per
cycle). To get more insight into the potential cyclic degradation effects
on degaussing performance, a larger number of cycles should be applied,
and this can be explored in future studies.

To check if faradic reactions have taken place during the degaussing,
FTIR analysis were conducted for virgin and degaussed MBC samples
and the results are presented in Fig. S-6. The FTIR spectra for both
samples were almost identical suggesting that applied electrical energy
for degaussing was not high enough to induce such reactions. Faradic
reactions are known to cause some chemical changes in the surface
functional groups of adsorbents such as the formation of -OH and -COOH
[54]. Carboxylic and hydroxyl groups have FTIR peaks around 1700
cm ! and 3400 cm ™! [55], and the spectra for both samples were the
same in these regions. There was only small changes noticed in the MBC
spectra after regeneration with degaussing around 1000 cm ™! and 1500
cm ™}, and these are likely to be related to the remnant nitrate on the
char [56].

The mechanisms through which degaussing improved the desorption
of nitration from MBC can be explained by the effect of the generated
magnetic field on the interaction of nitrate molecules with biochar. It
was stated the magnetic field could affect materials interactions through
coulomb energy and electron spin selection rules [57]. Coulombic in-
teractions (repulsion and attraction) are the strongest interactions be-
tween adsorbates and adsorbents [40]. It was found that the application
of a magnetic field led to a decrease in the adsorption of Ba*? onto
zeolite [58,59]. This diminution was attributed to the weakening of the
aqueous solution's hydrogen bonds upon exposure to a magnetic field;
consequently, the hydration shell of the ions increases. The increase in
the hydration shell can increase the water molecules' cohesion forces
with the nitrate ions, stripping them off of the biochar particles. This
effect can be more pronounced in ions with high hydration numbers,
such as nitrate, with 64 [60]. The effect of the magnetic field on the
hydration of ions was found to diminish with time, which could explain
the significant drop in nitrate elution concentration with degaussing.
The effect of degaussing on the desorption of nitrate can also be
explained by the magnetic properties of nitrate ions tested in this study.
Omar et al. [61] explained in their study that the sensitivity of ions to a
magnetic field is attributed to their magnetic susceptibility. The
magnitude and the sign of the magnetic susceptibility determine the
nature of their reaction to the magnetic field. A positive value of the
magnetic susceptibility indicates that the ion favours the applied mag-
netic field, whereas a negative value indicates a repulsive response of
the ion to the applied magnetic field. It was reported that sodium nitrate
has a magnetic susceptibility of —25,6 x 1078 cm®/mol [62]. This might
have contributed to the repulsion of nitrate to the generated magnetic
field, which consequently induced the desorption of nitrate.

3.4. Nitrate removal with regenerated filter

After the completion of desorption tests, the reusability of the filter
for nitrate removal was examined. Fig. 8 presents nitrate adsorption
comparison between fresh MBC, MBC-CDI and MBC-CDI with regener-
ated bed with degaussing and DW backflush for two cycles. The use of
CDI with the regenerated beds even for the second cycle provided better
nitrate adsorption than MBC alone. This proves the effectiveness of CDI
and degaussing in improving the adsorption/desorption of biochar. It
seems that the regeneration of the bed did not affect tz for the MBC-CDI
process as both fresh and regenerated beds had similar tz. The most
pronounced nitrate concentration variation can be observed in the first
6 h (insert of Fig. 7). After this, the difference in concentration variation
between fresh and regenerated MBC-CDI got smaller. The adsorption
capacity of nitrate after 6 h of adsorption was calculated for all bed types
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(fresh and regenerated) using Eq. (1). It was found that the MBC had a g
value of 0,89 mg/g, while the corresponding value for MBC-CDI-Fresh,
MBC-CDI-Reg.1 and MBC-CDI-Reg.2 were 4,50 mg/g, 2,94 mg/g and
2,33 mg/g, respectively. So, the adsorption capacity of fresh and re-
generated MBC-CDI was 2,5-5 higher than that of fresh MBC.

The majority of studies conducted on reusability of regenerated ad-
sorbents focused on testing the adsorption efficiency at a fixed adsorp-
tion time, mostly at the equilibrium point. This study looked at the
breakthrough curves of the regenerated beds as opposed to fresh beds.
Nitrate removal efficiency varied throughout the time of adsorption
experiments. As stated above, the different beds' removal efficiency in
Fig. 8 varied significantly in the first 6 h. Then the difference decreased
toward the end of the adsorption experiments. After 60 h of adsorption
time, the nitrate removal difference between cycles 1 and 2 was none.
Similar to our results, Afjeh et al. [63] found that the regeneration of
hydrogel rice husk biochar resulted in the same adsorption in the first
two cycles. The specific throughput and CUR of the regenerated beds
were calculated for 90% nitrate removal. The first regeneration cycle
resulted in a specific throughput of 68,90 m®/kg and CUR of 0,14 kg/m°.
These values are about three times higher than that of the fresh MBC. In
comparison, the second cycle of regeneration resulted in the same spe-
cific throughput and CUR as that of fresh MBC. This highlights the sig-
nificant improvement CDI and degaussing had on the adsorption/
desorption capacity of MBC.

The similarity of the degaussing breakthrough and desorption curves
with that of fresh and regenerated MBC with TW and DW suggests that
the applied electrical energy during degaussing only improved nitrate
desorption and did not alter its interaction with MBC. The change in
nitrate chemistry upon exposure to electrical power was also unlikely to
occur as nitrite (being an intermediate for nitrate conversion to other
nitrogen forms) was not detected in the ion chromatography measure-
ments. In addition, the applied voltage was a relatively high frequency
compared to the DC applied in the CDI system there may not have been
time for any chemical or water based physical reactions to occur, as
there was no evidence of hydrogen production or other gaseous outputs
during degaussing. With regards to MBC degradation, it is an extremely
stable physical form, effectively an activated carbon and is commonly
used as an inert electrode at hundreds of volts and is not subject to fast
degradation unless arcing is involved (as in plasma arc decomposition
systems) or if heated beyond 1000 °C. Mechanical vibration may cause
wear, however this is a slow process if flows are kept to a reasonable
level.
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4. Energy considerations with CDI and degaussing cycles

One of the important research questions for newly developed tech-
niques is the estimation for energy and cost requirement and how do
they gauge against competing technologies. With regards to the pro-
posed technique in this study, we can identify the competing technolo-
gies and establish comparison between our system and these
technologies when applicable. Since this technology incorporates CDI
and degaussing concepts for adsorption/desorption of biochar, the
comparison can be made with either CDI and its regeneration techniques
or biochar adsorption enhancement techniques (mainly impregnation
with metals) and common desorption methods (chemical and thermal).

The power used at any instant in the sorption phase is simply the DC
voltage applied multiplied by the current drawn. In order to calculate
the total energy consumed the power can be integrated over the appli-
cation period to get Whrs were 1Whr is 3.6 kJ. As the applied cell voltage
was held constant, the average power figure can be achieved by logging
the DC current drawn over time, taking its average and multiplying this
value by the constant applied voltage i.e. Pcpimean) = Ipcmean) X Vpe. To
calculate the consumed energy for the CDI sorption period, the average
power figure Pcp; can be multiplied by the CDI application time to get
the consumed energy in Joules. i.e. Pcpimean) X tcpr. Based on this
approach the total energy spent during the adsorption cycle was calcu-
lated to be 82,1 J. The profile of the current drawn during the adsorption
cycle was recorded and the results are shown in Fig. 9. The charge ef-
ficiency of the MBC-CDI system was determined using Eq. (11) [64,65].
The calculated charge efficiency for our system was 78,6%. The ach-
ieved charge efficiency in this study was slightly higher than that re-
ported in [64] for CDI removal of NaCl at the same applied voltage.
A= (COETC;)VF x 100% 1D

Unlike the CDI sorption phase, the degaussing applied is a square AC
waveform at 100 Hz. For non-sinusoidal waveforms the easiest and most
common approach is to multiply the current and voltage waveforms
point by point and average over a cycle to obtain the average power per
cycle. This approach is commonly used by high accuracy so-called smart
energy meters for billing purposes. In both the CDI sorption and
degaussing cycles we used a high precision, true rms, digital multimeter
namely a Fluke model 289, to measure the voltage and current com-
ponents as applicable. For the CDI sorption cycle DC voltage and cur-
rent, and for the degaussing cycle applied AC voltage and current, as
well as any discharge DC current from the CDI cell (seen as a negative
current flow in Fig. 10).

To capture the waveforms, we used a Tektronix TP2014 oscilloscope
with P6021 current probe, 10A, 100 MHz. The captured waveforms
were analyzed with Tektronix Wavestar software (Fig. S-7). The figure
shows the change in current waveform from the start of degaussing until
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Fig. 9. CDI current profile for DC applied voltage of 1,2 V.
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the end. To calculate the energy consumed for nitrate desorption, Eq.
(12) [66] was applied. The energy consumed during degaussing was
calculated to be 43,7 J/mmol of nitrate. Similar energy figure was re-
ported by Zhou et al. [66] who tested an approach somewhat similar to
ours using alternating field for regenerating CDI electrodes.

o Juldt

12
C,V (12)

Importantly by simply monitoring the DC current it can be seen when
the CDI bed has been regenerated marked by the discharge of the bed to
~0 current in Fig. 10. Similarly the current drawn during the CDI
application can also be monitored and readily correlated to the satura-
tion level of the CDI bed, hence once the current declines to a certain
level regeneration can be triggered (Fig. 9).

Comparing the enhancement induced by CDI and degaussing with
common biochar improvement techniques is hard. Normally, improve-
ment of biochar adsorption capacity of targeted pollutants is conducted
by either activation with gases, steam or by modifying biochar with
active elements and functional groups [67,68]. The source of energy and
cost consumption in these techniques varies vastly as some involve the
use of high temperatures while other use complex process or expensive
and dangerous chemicals. In addition, it is important to highlight that
this work reports on proof of concept, and the technique still requires
thorough optimization for the operating parameters and design. Such an
optimization step would help in determining the best conditions for the
desirable outcome. Once this is done, one can fairly compare this
technique with competing technologies.

5. Conclusions and future work

The effect of CDI integration into biochar (MBC) column adsorption
on contaminants removal efficiency was investigated in this study. Ni-
trate was selected as a model contaminant due to its role in contami-
nating surface water, especially runoff events. Nitrate recovery and bed
column regeneration was evaluated with a newly proposed approach of
degaussing and compared with conventional regeneration methods with
deionized and tap water. The breakthrough curves of MBC and MBC-CDI
were analyzed using common fixed-bed column models. The adsorption
efficiency of the fresh and regenerated column was evaluated using in-
dustrial known criteria such as specific throughput and CUR.

It was found that integrating CDI into the MBC column could extend
the saturation time of the column by 12 folds. It also resulted in
significantly higher specific throughput and lower CUR compared to
MBC alone. The analysis of the breakthrough curves showed that the
non-linear form Bohar-Adam, Clark, Yoon-Nelson and modified dose-
response models could sufficiently predict the parameters of the
adsorption process with MBC and MBC-CDI. However, the modified
dose-response model exhibited the best goodness of fit to the
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experimental data for both none-liner and linear forms of the models.

Applying degaussing along with deionized water backwash signifi-
cantly improved the desorption of nitrate. Nevertheless, this improve-
ment was only valid for the first 60 min; then nitrate desorption was the
same or lower than that observed with conventional backwash with
deionized water and tap water. Hence, this study recommends applying
degaussing for a short time to get the best outcome of desorption. Nitrate
adsorption efficiency of regenerated bed with degaussing and DW was
used with CDI for nitrate adsorption and was better than MBC for two
cycles. The specific throughput of the regenerated bed for the first cycle
was higher than fresh MBC by about three fold for 90% nitrate removal.
However, the regenerated bed for the second cycle had the same specific
throughput and CUR as that of fresh MBC for the same nitrate target
removal.

The energy consumption of CDI and degaussing was estimated a
standard electrical perspective. The total energy consumed for the
adsorption cycle was calculated to be 82,1 J. The charge efficiency of
CDI and degaussing energy consumption were 78,6% and 43,7 J/mmol
of NO3, respectively. These figures were slightly better than the reported
values I the literature.

The positive outcome obtained in this study using CDI and degaus-
sing and chemical-free approaches for improving adsorption of biochar
encourages further research in this area with different model contami-
nants, sample matrix, feedstocks and pyrolysis conditions. It is also
beneficial to optimize the design and operation of the system to achieve
the best performance of adsorption and desorption processes in future
studies.

Nomenclature

A Clark model constant (—)

a Modified dose-response model constant (—)

Co Influent adsorbate concentration (mg~L’1)

C; Effluent adsorbate concentration (mg-Lfl)

E Desorption energy (J/mmol)

F Faraday constant 96.485 (C~mol’1)

I Electrical current (mA)

kga Bohart-Adam rate constant (L-mgfl-minfl)

kr Thomas rate constant (L-mg_l-min_l)

kyn Yoon-Nelson rate constant (min 1)

Ny Maximum sorption capacity of adsorbent per unit volume of
bed (mg~L’1)

n Freundlich constant (—)

Q Column flow rate (L-min~1)

qo Maximum adsorption capacity per unit mass of adsorbent
(mg-g ")

Clark model constant (min 1)

Sorption time (min)

Column superficial velocity (cm-min_l)
Applied voltage during desorption (V)
Solution volume (L)

Bed volume including porosity (m>)
Adsorbent mass (g)

Bed depth (cm)

Nx§<:qr~r“{

Greek letters

B Mass transfer constant of Wolbroska model (min’l)
A Charge efficiency (—)

T Time required for 50% adsorbate breakthrough

PB Bed density (kg/m3), PB=x/VB
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