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Biochar is a carbonaceous porous material produced by pyrolysis under oxygen-anoxic conditions. It has been
widely adopted as an adsorbent to remove various pollutants from contaminated water due to its distinctive
characteristics such as high porosity and surface-to-volume ratio, abundant functional groups, etc. One of the
major problems in utilising biochar as an adsorbent is the recovery and sustainable management of the spent
biochar. To determine the potential and reusability of biochar for wastewater treatment, the desorption and
regeneration processes to reactivate the biochar should be studied and explored. This study aims to identify the
desorption characteristics of sodium ions (Na*) on hydrothermal nitric acid pre-treated empty fruit bunch biochar
(HNOs EFB-BC). Different desorption eluents, i.e., tap water, deionised water, hydrochloric acid (HCI), sulphuric
acid (H2S04), sodium hydroxide (NaOH) and sodium carbonate (Na2COzs). Among these eluents, HCI was
chosen as the best desorbing agent for Na*, due to the highest desorption efficiency (66.23 %), at a
concentration of 0.1 M. By using HCI, the exhausted HNO3 EFB-BC was regenerated up to six cycles. The Na*
desorption efficiency of HNOs EFB-BC can be maintained as high as 69.03 % and 57.77 %, respectively, in the
first two cycles. The efficiency of Na* desorption remained as high as 18.85 %, after six successive adsorption
and desorption experiments. The results have proven the potential of HNO3 EFB-BC as a cost-effective
adsorbent for the sustainable remediation of saline solution. It also provided new insights to researchers on the
desorption characteristics of HNOs EFB-BC and display its potential to be regenerated from other cationic
pollutants. Future desorption and regeneration studies should be performed using the actual saline soil or water
with a mixture of pollutants to illustrate the effects of adsorbates on the performance of the regeneration process.

1. Introduction

Freshwater is essential for the survival of all living organisms. The demand for clean and freshwater is rising
due to the rapid population growth and industrial development along with the concomitant discharge of human-
created pollutants into the freshwater. The discharge of huge loads of pollutants into the freshwater can cause
severe ecological degradation such as the reduction in the quality and availability of freshwater, alteration in the
structure and distribution of aquatic biodata, and changes in the food chain and productivity patterns, thus
resulting in deleterious effects to the ecosystems and hazards to human health (Bashir et al., 2020). One of the
major contributors to water pollution is the accumulation of soluble salts (Na+) in the water bodies which leads
to a phenomenon known as freshwater salinisation (Nyakuma et al., 2023). The cases of water salinisation are
dynamic and it is increasing globally in over 100 countries (Khondoker et al., 2023). It is urgent to reclaim saline
water to realise the achievement of the sixth sustainable development goal (SDG), ‘Clean water and sanitisation’
for ensuring human health and well-being.

Significant research has proposed proactive and innovative methods to remediate the saline water for drinking
and irrigation purposes. Among the technologies deployed to remove Na* from saline water, adsorption has
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received particular attention owing to its simplicity, high efficiency and environmental-friendly nature (Tan et al.,
2023a). Biochar has emerged as a potential candidate for water desalinisation due to its unique physicochemical
properties and ability in removing various pollutants. It is a carbon-rich material produced by pyrolysis of biomass
under oxygen-deprived conditions (Jamaludin et al., 2019). Based on previous literature, biochar has been used
as an adsorbent in eliminating salt ions (Tan et al., 2021), heavy metals (Tyagi, 2022), dyes (Guo et al., 2022)
and herbicides (Binh and Nguyen, 2020). In terms of saline water remediation, the rice husk (Nyakuma et al.,
2021), corn stalk (Nguyen et al., 2022), hemp (Awan et al., 2021) and empty fruit bunch biochar (Tan et al.,
2023b) are some examples of the agricultural biomass-based biochar that have been used. One of the major
practical challenges in the context of resource recovery is the sustainable management of the spent biochar.
The uncontrolled disposal of the spent biochar may give rise to negative environmental consequences. There
is a need to desorb the pollutants from the surface of the spent biochar to ensure safe disposal or to regenerate
it for further use.

Biochar regeneration is defined as an inverse process involving the desorption of pollutants (Odega et al., 2023).
It is a fundamental approach to assessing the commercial applicability of the adsorbent, especially in both batch
and continuous processes. (Bayuo et al., 2020). During the desorption process, the ions accumulated on the
surface of biochar can be eliminated under proper operating conditions. After desorption, the cationic pollutants
could be recovered by extraction from the liquid phase, and so the biochar could be preserved. Previous
literature showed that several techniques, including thermal regeneration, wet air oxidation, electrochemical
process and chemical regeneration have been used to desorb the cationic pollutants (Marquez et al., 2022).
Among these techniques, wet air oxidation and thermal regeneration are the most commonly used approach for
wastewater treatment (Bion et al., 2018). Although these techniques are effective in desorbing cationic
pollutants, their destructive manner and the involvement of high operating temperature (up to 800 °C) increases
the overall operating cost (Greiner et al., 2018). In terms of the electrochemical method, the high maintenance
fee has limited its applicability (Lopez et al., 2022). Chemical regeneration is a non-thermal approach involving
the use of inorganic acids or alkalis to desorb the adsorbate (Dai et al., 2019). The choice of desorbing agents
is dependent on the type of adsorbent (pristine or composite), its properties and the type of cationic pollutants
(Alsawy et al., 2022). This study focused on the use of a chemical regeneration approach due to its simplicity of
operation and ability to preserve the biochar for several cycles (Larasati et al., 2021).

There have been increasing efforts in designing biochar with enhanced adsorption capacity towards cationic
pollutants, notably Na*. Several reviews have demonstrated the potential of biochar in saline water treatment
(Awan et al., 2021). There is little study on the recovery of Na*-loaded EFB biochar in which its potential to be
regenerated for reuse is relatively unknown. This study aims to identify the desorption characteristics and
regeneration of hydrothermal nitric acid pre-treated empty fruit bunch biochar (HNOs EFB-BC) using different
desorbing agents such as tap water, deionised water, hydrochloric acid (HCI), sulphuric acid (H2SO4), sodium
hydroxide (NaOH) and sodium carbonate (Na2CQs). This study could provide a better understanding of the
desorption efficiency and regenerate the HNO3s EFB-BC without much loss in the adsorption capacity after
several regeneration cycles. Following the desorption and regeneration processes, the spent biochar could be
managed sustainably and the secondary pollution could be minimised, thus reducing the operational and
running cost of the saline water treatment process.

2. Methods
2.1 Preparation and chemical pre-treatment of EFB biochar

The EFB biochar was purchased from Usaha Strategik Sdn. Bhd (Puchong, Malaysia). The specification of the
EFB biochar is as follows: pyrolysed at 300 °C in a furnace under oxygen deficit conditions for 1 h. The EFB
biochar was ground using a 32,000 rpm high-speed electric fibre grinder (Hao Jie Technology Co, Ltd, Shang
Hai, China) and sieved manually to 2-4 mm. The ground and sieved biochar were rinsed with deionised water
to remove impurities. The rinsed biochar (EFB-BC) was dried at 75 °C for 24 h using an oven (UN110, Memmert,
Schwabach, German) (Ibrahim et al., 2021) and stored at room temperature (25 °C) in an airtight container for
further use. The EFB-BC was then pre-treated with 3 M HNOs under optimised hydrothermal conditions (120
°C, 60 min) (HNOs EFB-BC).

2.2 Desorption and regeneration experiments

4.96 g of HNO3 EFB-BC was introduced into the Erlenmeyer flask containing 100 mL of 0.39 M NaCl solution
(pH 7.46). After equilibration for 17.4 h under room temperature (25 °C), the suspension was centrifuged
(Hettich Universal 320 R, Tuttlingen, Germany) at 1,000 rpm for 5 min to recover the biochar from the saline
solution (Amin et al., 2018). The Na*-loaded HNO3; EFB-BC was rinsed with deionised water until pH 7 and oven
dried at 75 °C for 24 h. The Na*-loaded HNO3s EFB-BC was then transferred into six desorption agents (100 mL),
i.e., tap water, deionised water, 0.1 M HCI, 0.1 M H2SO4, 0.1 M NaOH and 0.1 M Na2COs. The flasks containing
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the suspension were agitated at 150 rpm for 24 h. After agitation, the suspension was centrifuged, and the
supernatant was decanted into a separate flask. The concentration of desorbed Na* in the supernatant was
measured, and the percentage of Na* desorption was calculated using Eq (1) (Yusof et al., 2020).

Desorption (%) = Civa-desorvea % 100 (1)

CNa—adsorbed

where Cyq_gesorvea (Mg L-1) is the concentration of Na+ desorbed from the HNO3 EFB-BC into the solution and
Cna-adsorpea 1S the concentration of Na+ adsorbed onto the HNO3 EFB-BC during the batch adsorption study.
The regenerated HNO3 EFB-BC was rinsed with deionised water to remove excess acids or alkalis until the pH
of the rinsing water reached 6 to 7. The rinsed HNO3 EFB-BC was dried in the oven before the subsequent
adsorption and desorption experiments to determine the reusability of the prepared biochar. The processes of
adsorption and regeneration were repeated for six cycles and the Na* desorption efficiency of HNOs EFB-BC
for each cycle was recorded. All experiments were performed in triplicate to ensure the reproducibility and
accuracy of the results obtained. Figure 1 shows the schematic diagram of the biochar desorption and
regeneration studies using different desorbing agents.
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Figure 1: Schematic diagram of the biochar desorption and regeneration
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3. Results and discussion
3.1 Desorption and stability of Na*-loaded HNO3 pre-treated EFB biochar

This section mainly presents and discusses the results obtained from the desorption and regeneration studies
of HNO3s EFB-BC. Desorption is a crucial process for recovering and separating pollutants to regenerate the
exhausted bio-adsorbent. In this study, desorption experiments were conducted to determine the stability of
Na*-loaded HNO3; EFB-BC and select the optimum desorption agent to be used in successive regeneration
cycles. A total of six desorption agents, such as tap water, deionised water, HCI, H2SO4, NaOH and Na2COs3,
were used to desorb the Na* from the biochar, and the results obtained are summarised in Table 1. When tap
water (5.65 %) and deionised water (8.60 %) are employed as the desorption agents, only a very minimal
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amount of Na* was detected in the eluent, suggesting that the HNO3 EFB-BC is stable in water. It also signifies
that the adsorbed Na* on HNO3; EFB-BC were not easily desorbed into the water environment under normal
conditions. In contrast, the acidic desorption agent, HCl and H2SO4, demonstrate higher desorption percentages
of 66.23 % and 52.17 % for Na*. This might be due to the presence of oxygen-containing functional groups such
as nitro, carboxylic acid, carbonyl and hydroxyl groups that made it amenable to easy desorption and
regeneration with an acidic desorption agent (Bayuo et al., 2019). NaOH and Na2COs liberated 40.82 % and
23.44 % of Na*, respectively. The acids outperformed the alkaline desorption reagents due to the minimal pore
blockage, resulting from dissolving the adsorbate complexes on the biochar. Since HCI possess the highest Na*
desorption efficiency (66.23 %), it is chosen as the desorption agent for subsequent adsorption and regeneration
study. HCI is the most utilised acidic eluent to desorb cationic pollutants such as Cu?*, with a desorption
efficiency of around 92.8 % (Patel, 2021).

Table 1: Desorption and stability of Na*-loaded HNOs EFB-BC in desorption agents

Desorption agent Desorption Percentage (%)
Tap water 5.65+0.19

Deionised water 8.60 + 0.04

HCI 66.23 + 0.05

H2S0q4 5217 £0.12

NaOH 40.82 £ 0.11

Na2COs 23.44 +0.16

3.2 Regeneration and reusability of HNOs pre-treated EFB biochar

Regeneration is one of the key parameters in determining the potential of adsorbent for commercial application
and improving the economy of the adsorption process. In this study, the reusability of HNO3s EFB-BC was
investigated by conducting six successive adsorption and desorption cycles with 0.1 M HCI solution as the
desorption agent. As shown in Figure 2, the Na* desorption efficiency of HNOs; EFB-BC decreased gradually
with an increasing number of adsorption and desorption cycles. It was observed that the first and second cycles
liberated 69.03 % and 57.77 % of Na* from the surface of biochar into the desorption agent. After the third cycle,
the Na* desorption efficiency has reduced from 57.77 % to 30.96 %. This also signifies that the uptake capacity
of HNOs EFB-BC has reduced from 69.03 % to 30.96 % after three regeneration cycles. Progression in cycles
has contributed to a slight decrease in the Na* desorption efficiency for each cycle.
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Figure 2: Na* Desorption efficiency of HNOs EFB-BC with HCI as the desorption agent in six adsorption-
desorption cycles
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During the process of regeneration, the biochar losses some of its active sites in each cycle owing to the strong
chemical bonds in chemisorption, which negatively impacts the regeneration process (Alsawy et al., 2022). The
regeneration experiments in Figure 2 show that the efficiency of Na* desorption remained as high as 18.85 %
after six successive adsorption and desorption experiments. By using the same desorption agent (HCI), previous
study revealed that the cadmium (Cd?*) and chromium (Cr**) desorption efficiency of douglas fir green wood
chips biochar remained only 3 % to 7 % after three regeneration cycles (Herath et al., 2021). This signifies that
the HNO3s EFB-BC could be utilised repeatedly without significant loss in its adsorption properties. Bayuo et al.
(2020) also concluded that groundnut husk biochar with Cr** and Pb2* desorption efficiency of 20.0 % and 26.7
% after three regeneration cycles can be recycled when used to remove Cr** and Pb?* from the wastewater. In
this study, the results have proven the potential of HNOs EFB-BC as a cost-effective adsorbent for the
sustainable remediation of saline solution.

4. Conclusion

In conclusion, the desorption and regeneration studies were conducted to determine the reusability of HNO3
EFB-BC for saline water remediation. These studies are also crucial in determining the potential of HNO3 EFB-
BC for commercial application and improving the economy of the adsorption process. Several desorbing agents,
i.e., tap water, deionised water, HCI, H2SO4, NaOH and Na2COs were used to desorb the Na* from HNO3z EFB-
BC. Based on the results obtained, HCI was identified as the best desorption agent as it possessed the highest
Na* desorption efficiency (66.23 %). The desorption efficiency of tap water, deionised water, H2SO4, NaOH and
Na2CO3 for Na* was 5.65 %, 8.60 %, 52.17 %, 40.82 %, and 23.44 %, respectively. The reusability of HNO3
EFB-BC was further investigated by conducting six regeneration cycles using 0.1 M HCI solution. After the sixth
adsorption and desorption experiment, the regenerated HNOs EFB-BC could still achieve a Na* uptake rate of
around 18.85 %, signifying its potential to be utilised repeatedly without significant loss in its adsorption
properties. Future desorption and regeneration studies should be performed using the actual saline soil or water
with a mixture of pollutants to illustrate the effects of adsorbates on the performance of the regeneration process.
The biochar surface functionalities and morphological characteristics after each regeneration cycle should be
investigated to obtain a deeper understanding of the desorption process and its behavior as an adsorbent. The
mechanism of Na* adsorption and desorption should be further explored for designing the effective biochar
adsorbent.
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