Ammonia capture by rice husk biochar with formation of ammonium-enriched material
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Introduction

The sustainable management of agricultural solid wastes and the mitigation of gaseous pollutants from
intensive livestock represent two of the most pressing environmental challenges of the 21% century. Rice
husk is an abundantly generated agricultural byproduct that is often underutilized or improperly disposed
of, leading to secondary environmental issues. Simultaneously, intensive livestock farming emits
significant quantities of ammonia (NH3), a highly reactive gas that contributes to particulate matter
formation, soil acidification, and eutrophication [1]. Biochar has emerged as a promising adsorbent for
environmental remediation. However, conventional chemical activation of biochar often involves
impregnating the biomass prior to pyrolysis, followed by extensive washing steps to remove residual
chemicals. This traditional approach generates large volumes of acidic wastewater and could remove
surface-active species that could otherwise be utilized. This study proposes a novel, circular economy
approach: valorizing rice husk via pyrolysis into biochar, followed by a post-pyrolysis activation using
phosphoric acid (H3POs) and sulfuric acid (H2SO4). Crucially, the activated biochar is dried directly without
any washing steps. The primary objective is to deliberately retain these acids within the porous structure of
the biochar to promote the reactive adsorption of NHs. By doing so, we aim to simultaneously capture NHs
emissions from intensive livestock and promote the formation of ammonium salts on the biochar surface,
generating a nitrogen-enriched material with potential agronomic value.

Materials and methods

Raw rice husk was utilized as the solid waste feedstock. To produce the pristine biochar, the biomass
underwent pyrolysis in an inert N2 atmosphere at 350 °C for 1 h. Following pyrolysis, the biochar was
subjected to a chemical activation process. Rather than pre-treating the biomass, the pyrolyzed biochar
was impregnated with either 30 wt% H3PO4 or H2SO4 using an acid to biochar ratio of 19:1 mL:g. The
impregnated samples were subsequently dried directly in an oven. No washing steps were performed,
ensuring that the acidic agents remained thoroughly retained within the biochar's porous network. The
resulting biochars were named after RH-H3POs, RH-H>SO4, and RH-P, corresponding respectively to the
H3POs and H2SOs4 treated samples, and the later to the pristine (unmodified) sample. The NH3 capture
performance of the pristine and activated biochars was evaluated in a continuous dynamic fixed-bed
adsorption column under controlled temperature conditions of 27 °C. A continuous gas stream of 100 cm?
STP min™!' containing 1,000 ppm of NHs was passed through a 0.25 g biochar bed. Breakthrough curves
were continuously monitored and recorded to determine the breakthrough time and the total dynamic
adsorption capacity of each material using a microGC. To understand the adsorption mechanisms and
confirm the formation of solid fertilizer species, the spent biochars were characterized using X-Ray
Diffraction (XRD).

Results and discussion

The continuous fixed-bed experiments revealed that the post-pyrolysis unwashed activation method
increased the NH3 adsorption capabilities of the rice husk biochar. The breakthrough curves demonstrated
significantly extended breakthrough times for the acid-activated samples compared to the pristine biochar.
Specially, the RH-P biochar exhibited a modest adsorption capacity of 7.5 mg NHs/gsiochar. In this pristine
state, no solid chemical species were formed; the capture mechanism was primarily governed by hydrogen
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bonding between the NH3; molecules and the oxygenated functional groups on the biochar surface [2]. In
contrast, the activated biochars exhibited enhanced adsorption. The RH-H3POa biochar achieved an
adsorption capacity of 21 mg NH3/ggiochar, While the RH-H2SO4 biochar demonstrated the highest capacity
at 64 mg NHs/giochar. In both cases, a crystalline white solid was formed on the biochar surface.

To elucidate the chemical nature of the formed solids, spent biochars were subjected to XRD analysis and
the obtained patterns are shown in Figure 1. The XRD demonstrated that for the RH-H3POa biochar, the
adsorption of the NH3 stream resulted in the formation of ammonium hydrogen phosphate, also kwon as
monoammonium phosphate. The production of this specific compound in the biochar surface is highly
advantageous, as it is widely utilized as an efficient, agronomic fertilizer containing both vital nitrogen and
phosphorus [3]. Conversely, the XRD patterns for the RH-H2SO4 sample revealed the formation of
ammonium hydrogen sulfate. While this demonstrates successful gas-to-solid conversion, this specific
sulfate species is not applied as an agricultural fertilizer due to its high acidity.
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Figure 1. XRD patterns of the RH-H3PO4 (A) and RH-H,SO4 (B) biochars
Conclusions

This research presents a zero-wastewater strategy for biochar activation that integrates solid waste
valorization with ammonia emission control and potential agricultural applications. By suppressing the
traditional washing step after chemical activation, the acidic agents remain deliberately trapped within the
porous structure of the rice husk biochar, performing a highly effective reactive adsorption process for NHs
capture. The dynamic adsorption results and subsequent characterization support the feasibility of RH-
HsPOs biochar, which exhibited higher NH3 adsorption capacity than pristine biochar and promoted the
formation of monoammonium phosphate on its surface, yielding an N-P enriched material with potential
fertilizer value. While the RH-H2SO4 sample exhibited high NH3 capture capacity, the resulting ammonium
hydrogen sulfate is not suitable for direct agricultural application. Consequently, future research will focus
on optimizing the H2SO4 activation parameters to tailor the resulting nitrogen-sulfur species into a more
agronomically viable form. In conclusion, deliberately retaining the activation acid within the biochar
matrix provides a viable chemical pathway to capture NHsemissions and transform them into nitrogen-
enriched material with potential agronomic value, effectively closing the agricultural nutrient loop.
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