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Phytoremediation is a biological process that uses plants to remediate heavy metals from contaminated soils by
stabilising them either in the root or transferring them to their leaves and stem tissues (Shen et al. 2022). This
technology is considered a promising alternative to conventional soil remediation processes since it is
environmentally friendly, economically feasible, socially acceptable, and implementable on a large scale (Bayuo
et al. 2024; Yan et al. 2020). Various plants have been reported to have the capability to extract mercury (Hg) from
soil and accumulate it within their tissues (Bozym and Rybak, 2024; Rollinson et al. 2020; Yan et al. 2020). There
is a concern regarding the disposal of post-harvest phytoremediation plants, since it is unsafe to dispose of
contaminated biomass directly into the landfill. Energy generation by conventional burning would result in
releasing Hg back to the air and soil. Energy recovery through biofuel production could be an effective route to
utilise Hg-contaminated plant biomasses, as well as addressing environmental safety concerns. AD is a process by
which organic materials (e.g. plants, agricultural waste and human or animal faeces) are decomposed by
microorganisms to produce biogas under anaerobic conditions (Amulya et al., 2023). The leftover AD-digestate
(post-biogas production) is generally safe to dispose of or apply as organic fertiliser for soil amendment when
using uncontaminated feedstock. The AD process has been experimentally tested for the processing of
phytoremediation crops to produce biogas and reported as a promising potential for use in energy production
(Ajiboye et al. 2025; Paulo et al. 2023; Wang 2021; Rollinson et al. 2020). However, AD-digestate contaminated
with Hg can neither be directly disposed of in the environment nor used as fertiliser. It is necessary to separate Hg
from the contaminated AD-digestate for its safe disposal. A synergistic bio-adsorption and biogas production using
plant residues has been proposed by Gadow et al. (2025) for enhanced heavy metal removal and anaerobic
digestion efficiency; however, heavy metals were retained with the leftover digestate. Rollinson et al. (2020)
extracted mercury from plant biomass or AD-digestate using the polymer (canola oil) and reported the removal of
Hg from digestate with a 40-50% efficiency across all tested samples, which demonstrated that polymeric
absorbent has the potential to eliminate Hg from the AD-digestate. Leaching Hg with a proper extracting medium
prior to absorbing it by the polymer may enhance Hg recovery efficiency from the AD-digestate.

In this research, we grow Lepidium sativum L.(watercress) in the soil spiked with Hg (10 ppm) inside the
greenhouse to produce a model Hg-contaminated plant biomass. We then produce biogas from Hg-contaminated
biomass to assess its suitability for harvesting energy using a batch AD process. Finally, we study Hg recovery
from the AD-digestate by extracting with HNO3, combining with the absorption by canola oil polymer.
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Figure 1. Growing Lepidium sativum L. in non-contaminated and Hg-contaminated soil inside the greenhouse
(Cultivation system — Customised greenhouse; non-contaminated soil - John Innes 2-compost; Hg-contaminated
soil-spiked with 10 ppm of Hg; Light energy — a mixture of cool and warm LED light; Light/dark cycle — 9h/15 h;
Temperature - 18 - 21°C; Growth period — 8 days.

Plants were successfully grown in contaminated soil (Figure 1), indicating that soil spiking with Hg
concentration (<10 ppm) has no negative impact on plant growth. In experiments with the non-contaminated and
Hg-contaminated (21 ppm) sun-dried biomass, biomethane production was inhibited for up to 10 days; thereafter,
its generation started to increase over time (Figure 2). The total biomethane production from the non-contaminated
sun-dried biomass was comparable to that of the Hg-contaminated biomass.

To test the Hg recovery efficiency from contaminated AD-digestate (post-biogas production), the leftover
AD digestate from the AD digester (feeding sewage sludge spiked with Hg into a semicontinuous AD reactor) was
centrifuged, and the residue (solid phase of AD-digestate) was used as the starting material. When the solid phase
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of Hg-contaminated AD digestate was treated with 2 M of HNOs (S/L ratio of 1:10) at 55+5 °C for 16 h, 84% of
Hg was leached out (Table 1). Under the identical extraction conditions but with 1 M of HNO3, 69% of Hg was
leached. Therefore, up to 83% of Hg recovery from the solid phase of AD-digestate of biomass was achieved by
extracting it with 2 M of HNO; at 55+5 °C for 16 h, together with the absorption by canola oil polymer.
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Figure 2. Biomethane production (batch mode) from non-contaminated and Hg-contaminated biomass using the
Automatic Methane Potential Test System (AMPTS II). Digester fed with non-contaminated and Hg-contaminated
sun-dried plant biomass powder (watercress) grown in soil spiked with 10 ppm of Hg.

Table 1 Hg recovery from the solid phase of AD-digestate of plant biomass (post-biogas production)

Extracting parameters Hg leaching Hg recovery from Total
efficiency (%) Hg-leachate (%)  recovery (%)
Temperature (55 = 5 °C), extraction time (16 h), 84 99 83
Extracting medium (2 M HNOj3), S/L ratio (1:10)
Temperature (55 = 5 °C), extraction time (16 h), 69 99.5 69

extracting medium (1 M HNO3), S/L ratio (1:10)

The presented findings demonstrate that processing phytoremediation plants for biogas production through
anaerobic digestion, integrated with Hg recovery from the resulting leftover AD digestate, would be a pragmatic
route to utilise contaminated biomass for energy recovery, simultaneously with the safe disposal of contaminated
AD-digestate or its subsequent use as a soil amendment.
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