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Rare Earth Elements (REEs) Recovery and Hydrochar Production

from Hyperaccumulators

Shiyu Li
ACADEMIC ABSTRACT

Phytomining is a promising method for metal recovery, but rare studies have been
devoted to metal recovery from hyperaccumulator biomass. The objective of this study was to
propose efficient and sustainable methods for treating REE hyperaccumulators, aimed at
enhancing REE recovery and obtaining value-added byproducts.

Firstly, grass seeds fed with a solution containing Y, La, Ce, and Dy, were found to have
the capacity to accumulate around 510 mg/kg (dry basis) of total rare earth elements (TREES) in
grass leaves. With the use of conventional hydrometallurgy, around 95% of Y, La, Ce, and Dy
were extracted from the GL using 0.5 mol/L H>SO4 at a solid concentration of 5 wt.%.
Subsequently, microwave-assisted hydrothermal carbonization (MHTC) was used to convert the
leaching residue into hydrochar to achieve a comprehensive utilization of GL biomass. Scanning
electron microscopy (SEM) analysis revealed that the original structure of GL was destructed at
180 °C during MHTC, producing numerous microspheres and pores. As the reaction temperature
increased, there was a concurrent increase in carbon content, HHV, and energy densification,
coupled with a decrease in hydrogen and oxygen contents of hydrochar. The results showed that
the waste biomass of the GL after REE extraction can be effectively converted into energy-rich
solid fuel and low-cost adsorbent via MHTC.

In addition to utilizing conventional hydrometallurgy for REE recovery and employing
MHTC to convert leaching residue into hydrochar, MHTC was also applied to directly recover
REEs and produce hydrochar from the GL as a more efficient approach. The effects of acid type
and acid concentration on REE extraction from GL using MHTC were investigated. The

utilization of 0.2 mol/L H2SO4 led to the extraction of nearly 100% of REEs from the GL into



the resulting biocrudes. Concurrently, the acid-mediated MHTC system also caused the
degradation of amorphous hemicellulose and crystalline cellulose present in the GL, thereby
enhancing the thermal stability of the resulting hydrochar. The physiochemical properties of the
hydrochar were also influenced by acid type and acid concentration. Using 0.2 mol/L H2SO4 as
the reaction medium, MHTC resulted in a yield of 28% hydrochar with enhanced high heating
value and energy densification. These results suggest that MHTC in the presence of an
appropriate concentration of H>SOj is an effective way to extract REEs and produce hydrochar
from the GL.

A process that combines solvent extraction and struvite precipitation was developed for
the treatment of biocrudes containing REEs and other elements. In the extraction step, 95.6% of
REEs were extracted using 0.05 mol/L di(2-ethylhexyl)phosphoric acid (D2EHPA) with an
aqueous to organic (A/O) ratio of 1:1 at pH 3.0. However, other impurity metals were co-
extracted into the organic phase with the REEs. To solve this issue, a subsequent scrubbing step
using deionized water was applied, with the removal of over 98% of these impurities, while
incurring negligible loss of REEs. After the scrubbing step, over 97% of REEs were ultimately
stripped out from the organic phase as REE oxalates using 0.01 mol/L oxalic acid. Furthermore,
phosphorous (P) was found to be retained in the raffinate after the solvent extraction process.
94.4% of the P was recovered by forming struvite precipitate at pH 9.0 and a Mg/P molar ratio of
1.5. In general, high purity and value-added REE products and struvite precipitate were
eventually achieved from biocrudes in environmentally friendly and economically viable ways.

In summary, this study contributes a sustainable and efficient framework for REE
hyperaccumulator treatment that integrates acid leaching, MHTC, solvent extraction, and struvite
precipitation. This work supports a circular economy, minimizing waste and promoting resource

reuse.



Rare Earth Elements (REEs) Recovery and Hydrochar Production

from Hyperaccumulators

Shiyu Li
GENERAL AUDIENCE ABSTRACT

Rare Earth Elements (REEs) are essential for technologies like smartphones and electric
vehicles, but traditional mining is environmentally harmful and resource-intensive. Innovations
are needed to reduce waste and enhance resource reuse. In this study, grass, a natural
accumulator, was found to be able to extract REEs from contaminated soils. Nearly all REEs can
be recovered efficiently using a mild sulfuric acid solution, and the residual biomass was also
transformed into valuable byproducts such as energy-rich solid fuel and low-cost adsorbents.
Furthermore, a more sustainable and efficient method, microwave-assisted hydrothermal
carbonization, was also investigated to treat grass aiming at recovering REEs and achieving
value-added products. High purity REE product and phosphorous-rich fertilizer were finally
produced. This method reduces the environmental impact of REE mining, utilizes renewable
resources, and cuts costs, thereby supporting economic sustainability. By turning environmental
challenges into opportunities, this research highlights how innovative, greener methods can drive

a more sustainable future in resource management.
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Chapter 1 Brief Introduction

1.1 Background

Rare earth elements (REEs) have wide applications in modern life as a result of their
unique magnetic, optical, and electrical properties in advanced technologies (Jowitt et al. 2018; L.
Wang et al. 2017; Yin et al. 2021). The extensive utilization of REEs has resulted in a large
amount of REE waste. The increasing discharge of REE waste into the environment has raised
concerns about the environment and human health (Dinh, Dobo, and Kovacs 2022a; Dutta et al.
2016; J. T. Li et al. 2018; Wu et al. 2019; Yu et al. 2020). From the perspective of environmental
friendliness, it is necessary to consider the disposal of contaminated soils that contain REES.

A few feasible technical routes have been proposed for the recovery of REEs from
contaminated soils. For instance, hydrometallurgical methods were previously extensively
employed to recover REEs from polluted soils due to their practical operability. However,
studies on this aspect are decreased due to the substantial costs, high energy requirements, and
minimal amounts of REEs production from the process (Lima and Ottosen 2021; Liu and Naidu
2014). Therefore, phytomining is increasingly gaining recognition and being extensively studied
as an eco-friendly method for treating contaminated soil.

Plants require certain metals for their growth, while excessive amounts of metals can
become toxic to plants (Asati, Pichhode, and Nikhil 2016). In the 20" century, it was found that
certain plants have the ability to accumulate excessive metals present in contaminated soils (Lai
et al. 2005; J. T. Li et al. 2018; Pollard, Reeves, and Baker 2014; Sheoran, Sheoran, and Poonia
2009; W. Sun et al. 2018). For example, Sedum alfredii population obtained from Quzhou, China
can accumulate >10,000 mg/kg of Zn in its shoots. Dicranopteris linearis, growing in an REE
mining area located in Fujian Province, China, accumulates up to 3,045 mg/kg of REEs (J. T. Li

et al. 2018).



The plants that can accumulate metals in roots and above-ground tissues (e.g., shoots,
flowers, stems, and leaves) are termed hyperaccumulators (Cosio, Martinoia, and Keller 2004;
Jankovska et al. 2016). After a certain period of accumulation, the hyperaccumulators are
harvested and processed through different methods to recover the metals. Several studies have
indicated the feasibility of phytomining of REEs from contaminated soils by hyperaccumulators,
and it was found that REE concentrations in the hyperaccumulators can reach up to over 1,000
mg/kg (Echevarria 2018). Given the fact that the REE content in the Upper Continental Crust
(UCC) is only about 168.4 mg/kg (Housh, Bowring, and Villeneuve 1985), REE recovery from
hyperaccumulators holds immense promise (Anderson et al. 1999; Dinh, Dobo, and Kovacs
2022b; Robinson et al. 1997; Sheoran, S.Sheoran, and Poonia 2013; Wang et al. 2020).

Among waste biomass treatment methods, thermochemical treatments are the most
promising approaches, driven by their high efficiency and economic viability (Chai, Chen, et al.
2022a; Cui, Zhang, Wang, Pan, Lin, Khan, Yan, Li, He, Yang, et al. 2021; Yuan et al. 2011a).
Thermochemical treatments can be classified into dry thermal treatments and hydrothermal
treatments. Dry thermal treatments encompass incineration, gasification, and pyrolysis, while
hydrothermal treatments consist of hydrothermal carbonization, hydrothermal liquefaction, and
hydrothermal gasification (Cui, Zhang, Wang, Pan, Lin, Khan, Yan, Li, He, Yang, et al. 2021).
Despite the significant reduction of waste volume, incineration and gasification can lead to
severe environmental problems, such as air pollution, wastewater production, and energy
consumption, due to the destruction of organic compounds and the release of non-destructive
metal species (Fericelli 2011; Zhang et al. 2021). Therefore, in recent years, researchers have
turned their direction to the application of pyrolysis and hydrothermal methods to treat waste
biomass (Evcil et al. 2020a; Gollakota, Kishore, and Gu 2018; Guo et al. 2016; Jiang et al. 2022;
LIU et al. 2017; Liu and Zhang 2008; S. Wang et al. 2017). In addition, compared with

hydrothermal treatment, microwave-assisted hydrothermal treatment emerges as a more



promising method due to its lower energy consumption and rapid volumetric heating (Afolabi
and Sohail 2017).

Regarding hyperaccumulator disposal, previous studies mainly focused on the parametric
optimization of using different thermochemical treatment technologies to produce high-value
products with minimal metal content, including biogas, biocrudes (consisting of bio-oil and an
aqueous phase containing value-added chemicals: sugars, furans, and carboxylic acids), and
biochar or hydrochar (Cui, Zhang, Wang, Pan, Lin, Khan, Yan, Li, He, Yang, et al. 2021; Reza et
al. 2013; Al Shra’Ah and Helleur 2014). The presence of metals in the products will negatively
affect their downstream utilizations (Shen et al. 2021). Therefore, previous studies mainly aimed
at immobilizing metals in biochar or hydrochar to improve the quality of bio-oil that can be used
as fuel (Lang et al. 2019; Phytolaccaceae 2017; Qian et al. 2018; S. Sun et al. 2018; Zhang et al.
2017). For example, by the liquefaction of construction wood, the majority of heavy metals (Cr,
Co, Ni, and Zn) transferred to the solid residue, and negligible amounts of heavy metals were
presented in the biocrudes. The obtained biocrudes with minimal heavy metals are valued as
higher quality products. In addition, metals sequestered in biochar or hydrochar exhibit a notable
resistance to mobilization, thus protecting the environment with low release potential (Seehar et
al. 2021).

Nowadays in the US, the price of ethanol fluctuates in the range of 0.4 to 0.8 $/L, but the
unit price of biochar is incredibly high ($1600 per ton) (Berazneva, Woolf, and Lee 2021).
Therefore, transferring the metals present in waste biomass to the liquid phase through
thermochemical treatments to achieve high-quality biochar or hydrochar with low metal content
seems to be a promising approach due to the price advantage. Furthermore, the advantage of not
necessitating high temperatures for the generation of biochar or hydrochar enhances the
environmental friendliness of the process aiming at converting waste biomass into more

hydrochar. In general, it is promising to investigate efficient thermal treatment methods that can



be integrated into a process for valuable metal recovery while generating useful products from

hyperaccumulators (Cui, Zhang, Wang, Pan, Lin, Khan, Yan, Li, He, Yang, et al. 2021).

1.2 Research objectives

The overall objective of this research is to recover REEs and produce hydrochar from the
REE hyperaccumulator. The specific objectives included:

(1) Optimize the REE recovery from the GL using conventional leaching method.

(2) Investigate the feasibility of transforming GL residue after the REE extraction into
value-added hydrochar by MHTC.

(3) Investigate a sustainable technique (MHTC) to recover REEs into biocrudes and
produce hydrochar from the GL.

(4) Propose a process flowsheet for the recovery of REEs and the production of struvite
from biocrudes.

This study contributes a novel, sustainable, and efficient framework for REE
hyperaccumulator treatment and supports a circular economy, minimizing waste and promoting
resource reuse. The intellectual Merit of this study is to advance the knowledge of using
sustainable and efficient ways to treat hyperaccumulators with the aim of recovering valuable
elements and producing value-added byproducts. The broader impact of this work is to extend
beyond the specific field of metal recovery, contributing significantly to environmental
sustainability, economic development, and technological innovation in the area of mineral

processing.

1.3 Dissertation outline

This dissertation comprises five chapters, the outline of each chapter is as follows:
Chapter 1 gave a brief introduction to the use of phytomining for REE recovery from

contaminated soils. Emerging thermochemical technologies were systematically reviewed, and



the effects of operating parameters on product characteristics and metal fate during
thermochemical treatment of waste biomass were summarized.

In Chapter 2, objectives (1) and (2) were addressed. The effect of various factors on REE
recovery from GL was investigated during the conventional hydrometallurgy process. The effect
of MHTC temperature on the chemical and structural characteristics of hydrochar was explored,
to evaluate the potential fuel properties as well as sequestration and adsorption abilities of the
hydrochar product.

In Chapter 3, objective (3) was addressed. MHTC experiments of the GL were performed
with the addition of acids and acid concentration to identify the optimal acid and acid
concentration yielding the maximum recovery of REEs into biocrudes. X-ray diffraction (XRD)
and thermogravimetric analysis (TGA) analyses were performed to characterize the structural
changes and thermal decomposition behavior of the GL and the hydrochar produced from the
MHTC process. Hydrochar and biocrudes were comprehensively characterized with the use of
TGA and gas chromatography-mass spectrometry (GC-MS), respectively.

In Chapter 4, objective (4) was addressed. A process flowsheet for the recovery of REES
and the production of struvite from biocrudes was elaborated. The separation and purification of
REEs from the biocrudes were accomplished via a solvent extraction process that encompassed
stages of extraction, scrubbing, and precipitation stripping, with each phase undergoing
parametric optimization to enhance operational efficiency. The struvite precipitation experiments
were performed through adjustments of pH and Mg/P molar ratio to identify optimum conditions
aiming at maximizing P recovery.

Chapter 5 summarizes this dissertation and provides perspectives for further

improvement of the current study.



Chapter 2 Rare Earth Element Recovery and Hydrochar
Evaluation from Grass Leaves by Acid Leaching and Microwave-

assisted Hydrothermal Carbonization

Abstract

Phytomining is a sustainable approach that uses hyperaccumulators for critical element
extraction from various substrates, such as contaminated soils, mine tailings, and aqueous
solutions. In this study, grass seeds were fed with a solution containing Y, La, Ce, and Dy,
resulting in around 510 mg/kg (dry basis) of total rare earth elements (TREES) accumulated in
grass leaves. Electron probe microanalyzer (EPMA) analysis showed that REEs in the GL
predominantly complexed with phosphorous (P). Around 95% of Y, 93% of La, 92% of Ce, and
93% of Dy were extracted from the GL using 0.5 mol/L H2SOg at a solid concentration of 5 wt.%.
Subsequently, microwave-assisted hydrothermal carbonization (MHTC) was used to convert the
leaching residue into hydrochar to achieve a comprehensive utilization of GL biomass. The
effect of temperature on the structural properties and chemical composition of the resulting
hydrochar was evaluated. Scanning electron microscopy (SEM) analysis revealed that the
original structure of GL was destructed at 180 °C during MHTC, producing numerous
microspheres and pores. As the reaction temperature increased, there was a concurrent increase
in carbon content, HHV, and energy densification, coupled with a decrease in hydrogen and
oxygen contents of hydrochar. The evolution of H/C and O/C ratios indicated that dehydration
and decarboxylation occurred during MHTC. The results showed that the waste biomass of the
GL after REE extraction can be effectively converted into energy-rich solid fuel and low-cost

adsorbent via MHTC.



2.1 Introduction

Several processes have been developed for the recovery of REEs from
hyperaccumulators due to the increasing importance of REEs (Jally et al. 2021a). For instance,
D. dichotoma is a REE hyperaccumulator that can accumulate 1.9 ~ 4.4 g/kg of REEs on a dry
matter basis. 78% of the REEs present in the hyperaccumulator were recovered into a product
with 81.4% purity by an ion exchange leaching step using 0.5 M HNOg solution, followed by
removing competing ions with water and 0.75 M HNOg, and a final one-stage elution step using
3 M HNOs (Chour et al. 2018). Dicranopteris linearis naturally growing on waste mine tailings
in Southern China is classified as an REE hyperaccumulator that the total REE concentration in
its frond can reach 2~3 g/kg of REEs on a dry matter basis. In order to recover REEs,
Dicranopteris linearis was firstly incinerated to ash, and 6 mol/L sodium hydroxide was used to
dissolve Al from the Dicranopteris linearis at a temperature of 80 °C. Subsequently, the REEs
were extracted under mildly acidic conditions using HNO3z (25 °C, pH 4.8), producing a valuable
solution that contained relatively pure REEs (Jally et al. 2021b). These studies provide ideas for
extracting REEs from hyperaccumulators. However, it is obvious that the incineration process
contributes to carbon emissions and air pollution. Therefore, the extraction of REEs from
hyperaccumulators needs to be reconsidered to make it more environmentally friendly.

The disposal of hyperaccumulator residue after REE extraction needs to be considered
from a sustainable perspective. Currently, thermochemical treatments, such as pyrolysis and
hydrothermal processing, are gaining more attention for waste biomass treatment due to their
high efficiency, economic viability, and environmental friendliness (Chai, Chen, et al. 2022b;
Cui, Zhang, Wang, Pan, Lin, Khan, Yan, Li, He, and Yang 2021; Yuan et al. 2011b). Among all
thermochemical treatment methods, hydrothermal carbonization (HTC) has been extensively
researched due to its relatively mild reaction conditions (160 °C-270 °C) and capability to
convert waste biomass into a valuable solid product (hydrochar) (Shao et al. 2019; Tag, Duman,

and Yanik 2018; Zhang et al. 2019). The produced hydrochar can be used as a fuel source, soil



amendment, carbon-based catalyst, or adsorbent material (Zhang et al. 2019). Compared to HTC,
microwave-assisted hydrothermal carbonization (MHTC) promotes the reaction kinetics as a
result of rapid volumetric heating and consumes less energy (approximately 50% energy
consumption compared with the HTC process) (Shao et al. 2020). It was found that 57.9%
hydrochar was generated from MHTC-treated rice straw at 180 °C for 20 min with a fixed solid
concentration of 7% (Nizamuddin, Qureshi, Baloch, Siddiqui, Takkalkar, Mubarak, Deepa K
Dumbre, et al. 2019). The higher heating value (HHV), carbon content, and fixed carbon (FC)
values increased from 12.3 MJ/kg, 37.19%, and 14.37% to 17.6 MJ/kg, 48.8%, and 35.4%,
respectively after MHTC. The porosity, crystallinity, and thermal stability of the hydrochar
obtained from MHTC were also improved significantly.

In this chapter, grass was found to be a promising REE hyperaccumulator, and the
electron probe microanalyzer (EPMA) analysis was conducted to characterize the occurrence of
REEs in the grass leaves (GL). The effect of acid types, solid concentration, and acid
concentration on REE recovery from GL was investigated. In addition, this study investigated
the feasibility of transforming GL residue after the REE extraction into valuable hydrochar by
MHTC. The effect of MHTC temperature on the chemical and structural characteristics of
hydrochar was explored, to evaluate the potential fuel properties as well as sequestration and

adsorption abilities of the hydrochar product.

2.2 Materials and methods

2.2.1 Chemicals and reagents

The chemicals used in this chapter include nitric acid (HNOs, 67 wt.% to 70 wt.%),
hydrochloric acid (HCI, 37 wt.%), sulfuric acid (H2SOa4, 93 wt.% to 98 wt.%), and 50% w/w
sodium hydroxide solution (NaOH, > 97 wt.%). Y(NO3)3-6H20, La(NOs)3-6H20,
Ce(NOz3)3:6H20, and Dy(NOz)3-6H20 were used to prepare the feeding solution of grass seeds.

All the chemicals were of trace metal grade and purchased from Thermo Fisher Scientific, USA.



Type | deionized water with a resistivity of 18.2 MQ-cm at 25 °C was prepared by Direct-Q

Water Purification System (Millipore, USA).

2.2.2 Hyperaccumulator plant

Grass seeds were grown in “potting mix” that contains a mixture of organic materials
such as peat moss, drainage-assisted materials, and slow-release fertilizers. Both the grass seeds
(The Rebels, PENNINGTON) and potting mix (Potting Mix, Miracle-Gro) were purchased from
The Home Depot, USA. The grass seeds were grown under natural light and an average
temperature of 25 + 3 °C. A solution containing Y, La, Ce, and Dy of 50 mg/L was used to feed
the seeds once every two days. After 14 days of growth, the GL was harvested, thoroughly rinsed
with deionized water, dried at 80 °C for 48 h, and ground by a high-speed multifunction grinder.
The ground product was collected and used as the feed for leaching tests. The product was
predominantly distributed in the size range of 53 to 297 um. The product of 0.2 g was mixed
with 12 mL of HNO3 and placed in a 50 mL digestion vessel (HVT50, Anton Paar, Austria). The
vessel was then placed in a microwave digestor (Multiwave GO Plus, Anton Paar, Austria) and
subjected to microwave digestion with a heating rate of 18.5 °C/min. The digestion was carried
out at 185 °C with a residence time of 40 min. After digestion, the vessel was cooled completely,
and then the digestion liquor was collected and centrifuged. The resulting supernatant was
diluted 100 times with a solution containing 5% (v/v) HNOs. Elemental concentrations of the
diluted solution were analyzed using an inductively coupled plasma emission mass spectrometer
(ICP-MS, Thermo Electron iCAP-RQ, Thermo Scientific, USA). ICP-MS analysis data was used
to calculate the elemental composition of the GL.

JEOL JXA-iHP200F field emission electron probe microanalyzer (EPMA) was used for
the quantitative elemental analysis of the GL. The sample was fit onto a 1-inch diameter sample
holder with a vertical profile not exceeding 1 mm and was coated with carbon using a mini
sputter coater (QUORUM, Model EMS 7620, USA) (Misch et al. 2016; Smolders and Degryse

2002). The sample holder was placed in a vacuum chamber to avoid the interactions between air



and the electron beam during observation using the microprobe. 30 mm? energy-dispersive
silicon drift detector (SDD EDS) was used for rapid phase identification, and wavelength-
dispersive spectrometers (WDS) was used for fast, high-resolution, quantitative chemical

analyses of elements.

2.2.3 Acid leaching tests

All leaching tests were carried out at 25 °C for a duration of 30 min. The effect of acid
types (HNOs, HCI, and H2SO4) on REE recovery from the GL was first investigated to identify
the most promising lixiviant. The acid concentration and solid concentration were fixed at 0.5
mol/L and 5 wt.%, respectively. The mixture was agitated using a magnetic stirrer at 450 rpm for
30 min. After the reaction, the mixture was centrifuged at 5000 rpm for 5 min using a SorvallTM
Legend X1 centrifuge (Thermo Fisher Scientific, USA). The resulting supernatant was collected
and diluted 100 times with a 5% (v/v) HNOs3 solution for REE concentration measurement using
ICP-MS. The remaining solid was thoroughly rinsed with deionized water and then dried at 80
°C for 48 hours. The dried solid was then digested following the same procedure as the raw GL
(see section 2.2).

After determining the most promising lixiviant, the effects of solid concentration and acid
concentration on the recovery of REEs from the GL were investigated. The acid concentration
was fixed at 0.5 mol/L with the solid concentration varying from 1 to 10 wt.% (i.e., 1 wt.%, 2
wt.%, 5 wt.%, and 10 wt.%). When investigating the effect of acid concentration (0.1 mol/L, 0.5
mol/L, 1 mol/L, and 2 mol/L), the solid concentration was maintained at 5 wt.%. After the
reaction, the solid and liquid were separated by centrifugation and then subjected to elemental
concentration analysis. In addition, the dry solid residue was used for further characterizations as

well as the feed for the MHTC experiments.
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The fraction of REEs in the feed GL that was extracted into the solution during the
leaching process was defined as REE leaching recovery (R;,%). The recovery was calculated

using the following Equation (2.1).

_ Cpx0.1
Cp X0.1+CgXMg

R, x 100 (2.1)

where Cs and C. represent REE concentrations in the leaching residue (mg/kg) and leaching
solution (mg/L), respectively; Ms (kg) represents the mass of the leaching residue, and 0.1 (L) is
the volume of the leaching solution.

The most effective lixiviant, solid concentration, and acid concentration for REE
recovery from the GL were identified after optimizing these factors. To maximize the potential
value of the GL, MHTC was used for the conversion of the GL residue obtained from acid

leaching into hydrochar.

2.2.4 Microwave-assisted hydrothermal carbonization (MHTC)

MHTC was conducted in a microwave reactor (Multiwave GO Plus, Anton Paar GmbH,
Austria) with a magnetron frequency of 2450 MHz. The effect of temperature on the
characteristics of the obtained hydrochar was investigated. Briefly, GL residue of 0.5 g was
mixed with 10 mL deionized water in a 50 mL reaction vessel. A heating rate of 10 °C/min and a
residence time of 60 min were applied during the reaction at different temperatures (i.e., 120 °C,
140 °C, 160 °C, and 180 °C). After the completion of reaction, the suspension was collected and
centrifuged at 5000 rpm for 5 min. The solid residue was rinsed thoroughly with deionized water
and dried at 80 °C for 48 hours. After drying, the solid was weighed and stored for

characterizations.
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2.2.5 Hydrochar characterization

2.2.5.1 Proximate analysis

Thermogravimetric analysis (TGA) (TGA 5500, TA Instruments CO., USA) was used
for the proximate analysis of the samples obtained from MHTC, in which the sample was heated
to constant weight under ASTM specified conditions (Donahue and Rais 2009; Khoo et al. 2020).
A sample weighing approximately 5 mg underwent thermal analysis in a controlled atmosphere
of high-purity N2 with a flow rate of 20 mL/min. To eliminate any moisture, the sample was
heated to 110 °C and held for at least 30 min. The temperature was then increased to 900 °C at a
ramp rate of 10 °C/min, which was maintained for 60 min. The weight loss during this step was
attributed to the volatile matter (VM) present in the sample. Subsequently, the N2 gas flow was
replaced with dry air, and the temperature was increased to 925 °C at the same heating rate of 10
°C/min. The sample was then held at this temperature for 60 min. Any oxidizable matter lost at
this step was considered fixed carbon (FC), while the remaining mass represented the ash content

of the sample.

2.2.5.2 Elemental composition

The percentages of key elements (C, H, and O) were calculated using the Parikh
formula(Parikh, Channiwala, and Ghosal 2007). These correlations can calculate elemental
compositions of biomass materials from simple proximate analysis. The correlations were

determined based on Equations (2.2) ~ (2.4).

C = 0.637FC + 0.455VM (2.2)
H = 0.052FC + 0.062VM (2.3)
0 = 0.304FC + 0.476VM (2.4)
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2.2.5.3 High heating value calculation

The high heating value (HHV; in MJ/kg) of the samples was calculated based on
Jenkins’s formula (Channiwala and Parikh 2002; Ebeling and Jenkins 1985)(Equation (2.5)).

HHV = —0.763 + 0.301C + 0.525H + 0.0640 (2.5)

This correlation is derived based on 57 data points of biomass material and using multiple

regression analysis.

2.2.5.4 Definitions

The hydrochar yield (Hy, %), energy densification (Ed), and energy recovery efficiency

(ERE, %) were calculated using Equations (2.6) ~ (2.8), respectively (Kim, Lee, and Park 2014).

Mp

Hy = x 100 (2.6)
Mgir
Ed = 2% 2.7)
HHVgir
ERE = E; X Hy, (2.8)

where, M is the hydrochar weight (g), MeLr is the mass of the GL residue (g), HHVx is the high
heating value of the hydrochar (MJ/kg), and HHVatr is the high heating value of the GL residue
(MJ/Kkg).

2.2.5.5 Characterization

A JSM-IT500 scanning electron microscope (SEM) equipped with a backscattered
electron (BSE) system was used to determine changes in the structure and morphology of the
samples. The samples were spread on carbon tapes and sputtered with palladium/platinum (5 nm
thickness) with the use of a sputter coater (208HR, Cressington Scientific Instrument, England,
UK) to increase their electron conductivity.

The Brunauer-Emmett-Teller (BET) surface area and pore volume of the samples were

measured by N2 sorption on a Quantachrome Autosorb-1. Samples were degassed under vacuum
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for 24 h at 120 °C prior to the analysis. The surface area was calculated according to BET theory
using adsorption data in the 0.05-0.30 relative pressure range (equilibrium pressure
(kPa)/saturation pressure (kPa) (P/Po)), and the volume of N> adsorbed at the relative pressure of

0.99 was used to calculate the pore volume of the samples.

2.3 Results and discussion

2.3.1 Elemental composition of GL

Elemental concentrations of the GL are presented in Table 2.1. The concentration of total
REEs (TREES) in the GL was 510.5 mg/kg, while the total concentration of the four REEs (Y,
La, Ce, and Dy) added to the watering solution was 503.4 mg/kg, accounting for the majority of
the TREEs present in the GL. In addition, the TREE concentration of the GL watered with
deionized water was around 0 mg/kg (Figure 2.1). Therefore, these results suggested that the GL
can effectively accumulate REEs. Moreover, the concentration of La and Ce in the GL was 242.1
mg/kg, which was close to the concentrations of Y and Dy (261.3 mg/kg). Therefore, it can be
concluded that the GL exhibited a comparable accumulation capacity for light REEs (LREES)
and heavy REEs (HREEs). A plant can be called an REE hyperaccumulator when the
concentration of REEs in the aboveground shoot exceeds 1000 mg/kg (Liu et al. 2021). As can
be seen from Figure 2.1, when increasing the concentration of the four different REEs in the
watering solution from 50 mg/L to 500 mg/L, the concentration of TREEs in GL shows an
almost similar proportional increase from 510.5 mg/kg to 5801.9 mg/kg, indicating that GL can
accumulate over 1000 mg/kg of REEs in the aboveground shoot. The concentration of four
different REEs in the GL also increased proportionally with the increase of REE concentration in
the watering solution. Therefore, the grass used in this study can be regarded as an REE

hyperaccumulator.
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Table 2.1 Elemental concentrations (mg/kg) of GL.

K Ca P Mg Na Fe Al Si Mn Zn
48730.2 12360.5 77254 3628.8 544.5 255.7 266.2 1820 73.7 456
Sr Ba Ti TREEs LREEs HREEs Y La Ce Dy
20.1 18.8 10.3 5105 2471 2631 1254 1199 1222 135.9
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Figure 2.1 Effect of REE concentration in watering solution on the elemental concentration in

the GL.

In addition to REEs, the concentration of some major (>1000 mg/kg) and other trace (10-
1000 mg/kg) elements in the GL was also listed in Table 2.1. It was found that GL was rich in K,
Ca, and Mg, with a concentration of 48730.2 mg/kg, 12360.5 mg/kg, and 3628.8 mg/kg,
respectively. This phenomenon is consistent with the general finding that plants are rich in these
elements (Chour et al. 2020). The concentration of P in GL was 7725.4 mg/kg, which was
higher than any other elements except for K and Ca. In addition, Figure 2.1 illustrates that with
the increase of REE concentration in the feeding solution from 0 mg/L to 500 mg/L, the
concentration of P in the GL increases from 4117.5 mg/kg to 8899.9 mg/kg. This phenomenon

can be explained by the formation of complexes between REE and P in the GL (Ding et al. 2006;
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Liu et al. 2020). As more REEs were accumulated, they complexed with more P in the GL,
leading to the undernourishment of P, which prompted the adsorption for the nutrition
requirement of plant growth.

EPMA characterization was employed to conduct quantitative chemical analysis of
various elements, with a particular focus on Y, La, Ce, Dy, and P, in the GL. Heavy elements
appear as bright spots in the SEM images, while light elements are known to show up as dark
spots (Z.-M. Wang et al. 2017). A relatively bright particle of the GL was selected for the
characterization (in the red rectangle in Figure 2.2(a)). The Point & ID mode with the use of an
EDS detector was first employed to have a quick elemental composition analysis at a specific
point of this bright particle (Ji, Li, and Zhang 2022). It was found that the molar percentages of
Y203, Lax03, CeO, and Dy,03 were 3.79%, 1.25%, 2.23%, and 0.99%, indicating that REEs
were presented in this bright particle (Table 2.2). The SEM image of a region of interest on that
particle was shown in Figure 2.2(a), and the distribution of elements in this area of interest was
known by developing elemental maps with Map mode using a WDS detector. Compared with
EDS, WDS was more suitable for mapping at low concentrations owing to its greater peak-to-
background ratios (Borghi et al. 1998; Reed and Buckley 1998). Therefore, considering the trace
quantity of REEs (~500 mg/kg) in the GL, elemental mapping of this area was analyzed using
the WDS in the Map mode. A higher concentration of the corresponding element is indicated by
the presence of a brighter color at a specific location on the map (Ji et al. 2022). As can be seen
from Figure 2.2(b)~(e), four specific REEs (Y, La, Ce, and Dy) are rich in the area of red
rectangle and circle. It was also found that these REE-enriched locations also had the enrichment
of P (Figure 2.2(f)). However, some areas enriched in P did not have the enrichment of REES in
the GL. This phenomenon indicated that REEsS accumulated in the GL tended to be in the
complexation with a portion of P in the GL. Furthermore, It was found that the areas containing
high concentrations of REEs and P also contained some other metals, such as K, Ca, Mg, Na, Fe,

Al, and Mn (Figure 2.3).
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Figure 2.2 SEM image of the GL (a) and WDS mapping of different elements (b)~(f).

Table 2.2 Chemical compositions (Mol%) of the GL analyzed by EDS spectrum.

Chemicals MgO SiO. P05 ClI K:O Ca0 Y203 La0O3 CeO: Dy20s3

Mol% 1465 10.00 21.84 1226 1280 20.18 3.79 1.25 223 099

Figure 2.3 WDS mapping of different elements in the GL (a)~(h).
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2.3.2 Acid leaching

2.3.2.1 Effect of acid types

Different acid types may lead to different leaching characteristics at the same molar
concentration due to differences in normality and anionic components. Therefore, the influence
of acid type on the recovery of REEs and P from the GL was investigated. Figure 2.4 shows the
leaching recoveries of REEs from the GL using three different acids, including HNO3, HCI, and
H2SO4. The solid concentration and acid concentration were fixed at 5 wt.% and 0.5 mol/L,
respectively. When using HNOs as the lixiviant, 67%, 73%, 67%, and 63% of Y, La, Ce, and Dy
were leached, respectively. Similar recoveries of 66%, 69%, 63%, and 61% were obtained when
using HCI as the lixiviant. However, it can be seen from Figure 2.4 that the recoveries of Y, La,
Ce, and Dy increased significantly to 95%, 93%, 92%, and 92%, respectively, with the use of
H2SO4. The higher recovery of REEs using H2SO4 as the lixiviant can be attributed to the higher
concentration of hydrogen ions (H™) available in the H>SO4 solution compared to using the same
concentrations of HNO3 and HCI. The higher concentration of H* facilitated the solubility of
REEs from the GL (Larsson, Ekberg, and @degaard-Jensen 2013; Zielinski et al. 2020). In
addition, it was reported that sulfate ions can form more stable complexes with REEs than
chloride ions, promoting the dissolution of REEs from ion-adsorption clays (Moldoveanu and
Papangelakis 2012). Therefore, it can be inferred that the strong complexing ability of REEs and
sulfate ions also promoted the REE dissolution from GL when using H2SO4 as a lixiviant.

As can be seen from Figure 2.4, using H2SO4 as the lixiviant not only enhanced the
recovery of REEs but also led to an increase in P recovery. This phenomenon can be ascribed to
the fact that the occurrence of REEs in the GL was in the complexation with a portion of P in the
GL. Therefore, during the leaching process, the complexes of REEs and P were disrupted by
H>S0s, thus leading to the enhanced recovery of REEs and P. It is worth mentioning that using

H>SO4 is more economically viable than using HNO3z and HCI due to the low average price
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(Yang and Honaker 2020). Therefore, H>SO4 was selected as the preferred lixiviant for the

recovery of REEs from the GL.
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Figure 2.4 Effect of acid types on the elemental recovery from the GL.

2.3.2.2 Effect of solid concentration

The solid concentration represents the stoichiometric ratio of reactants, which directly
affects the reaction equilibrium (Dixon and Hendrix 1993). The effect of solid concentration (1
wt.%, 2 wt.%, 5 wt.%, and 10 wt.%) on the recovery of REEs and P from GL was investigated
using a fixed 0.5 mol/L H2SOs. Figure 2.5 shows that the maximum recovery of REEs (around
99%) is obtained at a solid concentration of 1 wt.%. Slight decreases in REE recovery were
observed as the solid concentration increased from 1 wt.% to 5 wt.%. When further enhanced
solid concentration from 5 wt.% to 10 wt.%, the recovery decreased further to 90%, 89%, 89%,
and 88% for Y, La, Ce, and Dy, respectively. A low solid concentration is favorable for the
extraction of REEs from the GL since increasing the volume of the leaching solution can
increase the efficiency of mass transfer, thus leading to an increase in REE recovery (Chen et al.

2015). In addition, as the solid concentration increased from 1 wt.% to 10 wt.%, the recovery of

19



P decreased from 99% to 89%. The simultaneous decrease in the recovery of REEs and P can
also be attributed to the reason mentioned in section 3.2.1. Based on the leaching results, the

most suitable solid concentration was selected to be 5 wt.%.
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Figure 2.5 Effect of solid concentration on the elemental recovery from the GL.

2.3.2.3 Effect of acid concentration

It is well known that acid concentration is one of the most influential factors in REE
leaching experiments (Mokoena, Mokhahlane, and Clarke 2022). Increased acid concentration
represents more H* can react with REE-bearing minerals, thus resulting in higher REE recovery
(Zeng et al. 2021). The effect of H.SO4 concentration (0.1 mol/L, 0.5 mol/L, 1 mol/L, and 2
mol/L) on the leaching recovery of REEs and P was investigated at a fixed solid concentration of
5 wt.%. As can be seen from Figure 2.6, around 85% of REEs can be recovered using 0.1 mol/L
H2SO4. When further increasing H.SO4 concentration from 0.1 mol/L to 0.5 mol/L, the recovery
of Y, La, Ce, and Dy increased to 96%, 93%, 92%, and 93%, respectively. The further increase
of H2SO4 concentration from 0.5 mol/L to 2 mol/L led to a minor increase in the REE recovery.

The final pH values of the leaching solutions were 1.3, 0.8, 0.7, and 0.6, respectively. An
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increase in the acid concentration leads to a decrease in the pH of the solution, and a low pH
value of the leaching solution is favorable for metal leaching (Lie and Liu 2021). Therefore, the
recovery of REEs was increased with the increase of acid concentration and the decrease of pH
of the leaching solutions.

There was still a proportion (around 5%) of difficult-to-leach REE-bearing compounds in
the GL when using 2 mol/L H2SOs as the lixiviant at a solid concentration of 5 wt.% (Figure 2.6).
This phenomenon might be because with the increase of acid concentration from 0.5 mol/L to 2
mol/L, more sulfate ions released into the leachate combined with Ca?*, leading to the formation
of insoluble CaSO4 (gypsum). Gypsum precipitation might coat the surface of the REE-bearing
GL, resulting in decreases in the surface area and pore size of particles (Zhang and Noble 2020a).
As a result, the remaining REEs in the GL were difficult to be leached. The recovery of P
increased from 89% to 93% with the increase of acid concentration from 0.1 mol/L to 0.5 mol/L,
while there was a negligible increase in P recovery when increasing the acid concentration from
0.5 mol/L to 2 mol/L. In addition, around 3% of P cannot be recovered using 2 mol/L H2SOa.
This phenomenon was due to the reason that REEs were in the form of the complexation with P,
thus the leaching of P exhibited a leaching pattern similar to that of REEs. Overall, 0.5 mol/L

H2SO4 was selected as an optimal acid concentration for recovering REES from the GL.
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Figure 2.6 Effect of acid concentration on the elemental recovery from the GL.

2.3.3 Hydrochar characterization

2.3.3.1 Structural properties of the hydrochar

The optimum conditions for recovering REEs from the GL were determined after
optimizing the acid type, solid concentration, and acid concentration. To make a comprehensive
utilization of GL, MHTC was employed to convert the leaching residue into hydrochar, which is
an exceptionally valuable product with a wide range of applications (Nizamuddin, Qureshi,
Baloch, Siddiqui, Takkalkar, Mubarak, Deepa K. Dumbre, et al. 2019; Shao et al. 2020). As can
be seen from Figure 2.7, compared with the leaching residue of GL, the color of hydrochar
samples became darker with the increase in MHTC temperature, indicating that the GL residue
was gradually carbonized (Cai et al. 2016). The SEM images illustrate the morphological
variations of the hydrochar obtained from the GL residue via MHTC at various temperatures.
Firstly, as can be seen in Figure 2.8(a), the surface of the raw GL residue was smooth and
compact. The degree of surface roughness increased gradually as the reaction temperature
increased from 120 °C to 140 °C (as shown in Figure 2.8(b) and (c)). This can be attributed to the

decomposition of hemicellulose, depolymerization of cellulose, and partial degradation of lignin
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(Cai et al. 2016; Kambo and Dutta 2015b; Sevilla and Fuertes 2009). When further increasing
the temperature from 140 °C to 160 °C, a few microspheres can be clearly discerned in the area
of the red rectangle in Figure 2.8(d). With the temperature increased from 160 °C to 180 °C,
numerous sphere-like microparticles were produced as shown in the red rectangles of Figure
2.8(e).

Notably, the surface of the hydrochar exhibited distinct pores (red circle in Figure 2.8(d))
at the temperature of 160 °C. Moreover, the morphology of GL residue was almost completely
disrupted at the reaction temperature of 180 °C, revealing the presence of solely pore structures
without any fibrous strands, as depicted in the red circles in Figure 2.8(f). The formation of
microspheres and the presence of pores indicated that the GL residue underwent the
decomposition transformation during MHTC. The process of microsphere formation involved
the decomposition of complex macromolecules present in the GL residue, including
carbohydrates, proteins, and lipids (Wang et al. 2018). As these macromolecules underwent
decomposition, the resulting breakdown products precipitated and gradually aggregated,
eventually forming spherical structures (Kannan, Gariepy, and Raghavan 2017). In addition,
most hemicellulose contained in the GL was violently decomposed at high temperatures during
MHTC process, leading to the formation of pores on the surface of hydrochar (Nizamuddin et al.
2018). Also, according to (Marx, Chiyanzu, and Piyo 2014), the walls between adjacent pores
are destroyed at high temperatures, causing enlargement of the pores, which can be clearly
observed in Figure 2.8(f). The porous structure of hydrochar obtained at high temperatures
suggests that the hydrochar can be used for sequestration and adsorption purposes (Kannan et al.

2017).
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Figure 2.7 Hydrochar obtained at different reaction temperature during MHTC.
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Figure 2.8 SEM images of GL residue and hydrochar obtained at different reaction temperatures:

(a): GL residue, (b) MHTC-120, (c) MHTC-140, (d) MHTC-160, (e)-(f) MHTC-180.

The porous textural characteristics were assessed by the nitrogen physisorption method.

As Table 2.3 shows, the surface area of hydrochar increased slightly with the increase in reaction
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temperature from 120 °C to 140 °C. When further increased the temperature to 180 °C, the
surface area increased significantly from 2.345 m?/g to 9.428 m?/g. The increased surface
roughness and the formation of microspheres during MHTC led to an increase in the surface area
of hydrochar. The increase in hydrochar porosity was caused by the growth of existing pores and
the formation of new micropores due to the decomposition of cellulose and hemicellulose at
higher temperatures (Nizamuddin et al. 2018). High surface area and pore volume are correlated
with enhanced sorption ability and are desired traits for the char used for the remediation of soil

or water contamination (Bahcivanji et al. 2020).

Table 2.3 Textural parameters for GL residue and hydrochar obtained at 120 °C, 140 °C, 160 °C,

and 180 °C.
Average pore diameter /
Seet/ m?/g Vi / cm?®/g
nm
GL residue 0.052 0.004 1.519
MHTC-120 1.625 0.009 1.528
MHTC-140 2.345 0.016 1.578
MHTC-160 5.615 0.033 1.582
MHTC-180 9.428 0.040 1.908

2.3.3.2 Chemical characterization

Elemental compositions of the GL residue and hydrochar, and yields of the hydrochar
are summarized in Table 2.4. The maximum hydrochar yield was obtained at 120 °C. When
increasing the reaction temperature from 120 °C to 180 °C, the hydrochar yield decreased
significantly from 70.5% to 54.2%. This phenomenon was due to the greater primary
decomposition or secondary decomposition of the GL residue occurring at higher temperatures

during MHTC (Cheng, Winter, and Stipanovic 2012; Demirbas 2000; Fisher et al. 2002).
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The results shown in Table 2.4 also indicate that the elemental composition of hydrochar
varies due to the various degrees of carbonization at different reaction temperatures. With the
increase of reaction temperature from 120 °C to 180 °C, the carbon content increased from
44.28% to 49.67%, while the content of hydrogen and oxygen decreased from 40.97% and
5.52% to 38.19% and 5.45%, respectively. In addition, the ratios of O/C and H/C decreased from
0.69 and 1.50 to 0.58 and 1.32, respectively. The variations in the elemental composition of GL
residue and hydrochar were analyzed via van Krevelen diagram (Van Krevelen 1950). The three
arrows in Figure 2.9 represent the process of dehydration, decarboxylation, and demethylation
(Xiao et al. 2012). The van Krevelen diagram clearly shows that the alternations of H/C and O/C
atomic ratios from GL residue to hydrochar followed the paths of dehydration and
decarboxylation, while the demethylation pathway can be negligible. A similar phenomenon was
observed during the hydrothermal carbonization process of cellulose and other kinds of
lignocellulosic biomass (Gao, Remon, and Matharu 2021; Shao et al. 2021). Therefore, higher
temperatures promoted dehydration and decarboxylation reactions of the GL residue, resulting in

decreased H/C and O/C ratios.

Table 2.4 Elemental analysis and yield of GL residue and hydrochar.

Sample Yield (%) Elemental analysis (%)
C H 0 o/c? H/C?
GL residue - 44.28 5.52 40.97 0.69 1.50
MHTC-120 70.5 44.42 5.50 40.81 0.69 1.49
MHTC-140 62.6 4481 5.48 40.36 0.68 1.47
MHTC-160 57.8 46.43 5.46 39.60 0.64 141
MHTC-180 54.2 49.67 5.45 38.19 0.58 1.32

2 0/C and H/C are given in molar ratio.
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Figure 2.9 Atomic H/C versus O/C ratios (van Krevelen diagram) of GL residue and

hydrochar.

The proximate analysis, HHV, ERE, and energy densification are summarized in Table
2.5. It can be found from Table 2.5 that the GL residue contained 14.78% of FC and 76.63% of
VM. After being treated by MHTC at 180 °C, the FC content of hydrochar increased to 37.99%,
while the VM amount decreased to 55.97%. This phenomenon was caused by the chemical
dehydration and decarboxylation reactions during MHTC (Funke and Ziegler 2010; Heilmann et
al. 2011; Hoekman, Broch, and Robbins 2011; Kim et al. 2014). In addition, the ash content
increased significantly due to the loss of VM (Kim et al. 2014). The HHV increased from 18.11
MJ/kg to 19.49 MJ/kg with the increase of the reaction temperature from 120 °C to 180 °C. The
increase in HHV confirmed the high efficiency of MHTC in converting the GL residue into a
solid fuel (Lee et al. 2018). A higher MHTC reaction temperature demonstrated a better energy
potential of the produced hydrochar in terms of HHV value. However, ERE, which is determined
by energy densification and hydrochar yield, led to a different path in determining the optimum
MHTC reaction temperature (Lee and Park 2021). Energy densification increased slightly with
the increase in the reaction temperature during MHTC, suggesting enhancements in the viability

of utilizing the treated GL residue for fuel applications (Makeld, Benavente, and Fullana 2015).

28



In contrast to energy densification, hydrochar yield decreased significantly as temperature
increased, with the lowest yield of 54.2% being obtained at the reaction temperature of 180 °C.
Therefore, ERE was significantly influenced by the decrease in hydrochar yield (Table 2.5).
Considering the HHV and ERE of hydrochar, a temperature range of 160 °C to 180 °C was
optimal for converting the GL residue into value-added solid fuel via MHTC. In addition, the
relatively high ERE values (around 60%-70%) suggested that MHTC is an effective way to

upgrade the GL residue into valuable hydrochar (Yang et al. 2016).

Table 2.5 Proximate analysis, HHV, ERE, and energy densification of GL residue and hydrochar.

) ) Energy
Sample Proximate analysis ERE (%) T
(MJ/kg) densification
M VM FC Ash
GL residue  5.90 76.63 14.78 2.69 18.09 - -
MHTC-
5.62 75.75 15.62 3.01 18.11 70.59 1.00
120
MHTC-
5.19 73.30 17.99 3.52 18.19 62.94 1.01
140
MHTC-
3.90 67.37 24.76 3.97 18.61 59.49 1.03
160
MHTC-
180 0.62 55.97 37.99 5.42 19.49 58.41 1.08

Note: M is moisture, VM is volatile matter, FC is fixed carbon, HHV is high heating value, and ERE is energy
recovery efficiency.

2.4 Conclusion

In the present study, grass was found to be a hyperaccumulator that can accumulate REEs
from feeding solution with a TREE content of 510.5 mg/kg. The EPMA analysis showed that

REEs in the GL were in complexation with P. The effects of acid types, solid concentration, and
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acid concentration on the REE recovery from GL were investigated. High recoveries of Y, La,
Ce, and Dy, reaching 96%, 93%, 92%, and 93%, respectively, were achieved by employing 0.5
mol/L H2SO4 as the lixiviant and maintaining a solid concentration of 5 wt.%. In addition, the
recovery of P showed a similar trend as the recovery of REEs due to the complexation of REEs
with P in the GL.

MHTC was used to convert GL residue obtained after REE extraction into hydrochar to
expand the utilization of the GL biomass. The effect of reaction temperature during MHTC on
hydrochar characteristics was investigated. SEM analysis showed that more microspheres and
pores appeared on the surface of hydrochar with the increase in temperatures. The porous
structure of hydrochar obtained at high temperatures suggested the application of sequestration
and adsorption. Considering the values of HHV and ERE, MHTC reaction temperatures between
160 °C to 180 °C were suitable for converting GL residue to value-added solid fuel. The analysis
of hydrochar characteristics revealed that MHTC is an effective way to convert GL residue into

hydrochar, which can be used as solid fuels and adsorbents.
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Chapter 3 REE Recovery and Hydrochar Production from Grass

Leaves by Microwave-Assisted Hydrothermal Carbonization

Abstract

In addition to utilizing conventional hydrometallurgy for REE recovery and employing
MHTC to convert leaching residue into hydrochar, in the MHTC process, REEs were transferred
into the aqueous medium, while hydrochar was produced. In this study, the effects of acid type
(HCI, H2S04, and HNO3) and acid concentration (0.01 mol/L-0.2 mol/L) on REE extraction from
GL during MHTC were investigated. The structural properties and thermal decomposition
behavior of both the GL and the hydrochar produced from the MHTC process were characterized.
It was found that at the same concentration, H2SOs yielded the highest REE extraction efficiency
due to the greater availability of hydrogen ions. Notably, the utilization of 0.2 mol/L H>SO;4 led
to the extraction of nearly 100% of REEs from the GL into the resulting biocrudes. Concurrently,
this also caused the degradation of amorphous hemicellulose and crystalline cellulose present in
the GL, thereby enhancing the thermal stability of the resulting hydrochar. The physiochemical
properties of the hydrochar were also influenced by acid type and acid concentration. The
increase in acid concentration significantly contributed to the reduction in the volatile matter and
ash content of the hydrochar. Using 0.2 mol/L H2SO4 as the reaction medium, MHTC resulted in
a hydrochar with enhanced high heating value and energy densification. These results suggest
that MHTC in the presence of an appropriate concentration of H>SOs is an effective way to

extract REEs and produce hydrochar from the GL.

3.1 Introduction

Thermochemical treatments, including pyrolysis and hydrothermal processing, are
increasingly garnering attention for the treatment of hyperaccumulators, owing to their notable

efficiency, economic viability, and environmentally friendly characteristics (Chai, Chen, et al.
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2022b; Cui, Zhang, Wang, Pan, Lin, Khan, Yan, Li, He, and Yang 2021; Li, Ji, and Zhang 2023;
Yuan et al. 2011b). Specifically, hydrothermal carbonization has been most widely researched
due to its mild reaction temperatures (160-270 °C) and effective capability to convert
hyperaccumulators into a valuable solid product, hydrochar, which holds great promise in
various applications, including energy production, carbon sequestration, soil remediation, and
pollutant adsorption (Shao et al. 2019; Tag et al. 2018; Zhang et al. 2019). A high amount of
REEs in the hydrochar resulting from the hydrothermal carbonization (HTC) of REE
hyperaccumulators has posed a significant obstacle to its potential applications. This is primarily
because the release of REEs from the use of hydrochar likely causes environmental hazards (Li,
Ji, et al. 2023; J. Zhang et al. 2022). Moreover, extracting REEs from the liquid phase, such as
biocrudes, is more practical compared to the solid phase, like hydrochar. This is because REES in
hydrochar still require an additional step of leaching to transfer them into a liquid phase for
subsequent separation and purification using hydrometallurgical approaches (Brewer, Florek,
and Kleitz 2022). Therefore, based on the above discussion, it is more reasonable to transfer
REEs from hyperaccumulators into biocrudes for REE recovery and produce value-added and
purified hydrochar.

Zhang et al. found that with the addition of HCI during HTC, 95% of Cd and 89% of Zn
were transferred into biocrudes at 210 °C. The resulting hydrochar demonstrated an increased Cu
adsorption capacity and an enhanced energy density, making it suitable for use as solid fuel (J.
Zhang et al. 2022). It was found by Carrier et al. that several elements, such as Al, Fe, P, Zn, and
Ca, were retained in the hydrochar with the increase in temperature from 300 °C to 400 °C, while
As and S were transferred into biocrudes under the subcritical and supercritical water conditions
of hydrothermal conversion (Carrier et al. 2011). In addition, Zhu et al. found that Pb, K, Ca, Na,
and Mg can be released into biocrudes by adding HCI at 240 °C during the hydrothermal
liquefaction (HTL) processing of Rhus chinensis (Zhu et al. 2019). Regarding the production of

value-added hydrochar, despite the fact that elevated temperatures during HTC result in a
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decrease in hydrochar yield, many studies have found that the hydrochar produced under these
conditions possesses a high energy densification, making it a good source of solid fuel (Wang et
al. 2018). Nizamuddin et al. found that the hydrochar yield exhibited a decline, decreasing from
approximately 60% at 180 °C to 47% at 260 °C as the temperature increased, whereas the high
heating value (HHV) of the hydrochar enhanced from 16.3 MJ/kg to 26.7 MJ/kg (Nizamuddin et
al. 2017). Compared with temperature, residence time exerted less impact on hydrochar yield
during HTC (Li, Ji, et al. 2023). Overall, to facilitate the transfer of REEs into biocrudes and
obtain value-added hydrochar, high reaction temperatures and the addition of acids are required
during HTC.

Compared with HTC, microwave-assisted hydrothermal carbonization (MHTC) emerges
as a more promising method due to its lower energy consumption and rapid volumetric heating
(Afolabi and Sohail 2017). Unfortunately, there are no studies focusing on the transfer of REEs
from hyperaccumulators into biocrudes for REE recovery and the production of value-added
hydrochar using MHTC. In view of all the considerations, the use of an acidic reaction medium
during high-temperature MHTC has the potential to transfer REEs from hyperaccumulators into
biocrudes and produce value-added hydrochar. In the process of MHTC, compared to biocrudes
and hydrochar, the yield of biogas is considered negligible (Deng et al. 2020). MHTC is a
process primarily aiming at converting biomass into hydrochar (Wang et al. 2022). Even though
microwaves provide rapid and uniform heating, which efficiently promotes the carbonization
process, the moderate temperature conditions are not optimal for the production of biogas (Sun,
Wang, and Yue 2016; Westerholm et al. 2018). Therefore, it is unnecessary to address the
management of the negligible yield of biogas generated during the MHTC process.

In this chapter, MHTC experiments of grass leaves (GL) were performed with the
addition of different acids (HCI, H2SO4, and HNO3) to identify the optimal acid yielding the
maximum recovery of REEs into biocrudes. The recovery process was further refined by

optimizing the selected acid through adjustments in acid concentration (0.01 mol/L, 0.05 mol/L,

33



0.1 mol/L, and 0.2 mol/L). XRD and TGA analyses were performed to characterize the structural
changes and thermal decomposition behavior of the GL and the hydrochar produced from the
MHTC process. In addition, the hydrochar and biocrudes were comprehensively characterized
with the use of TGA and GC-MS, respectively. The outcomes of this chapter will contribute
valuable insights to the advancement of sustainable techniques for recovering REEs from

hyperaccumulators.

3.2 Materials and methods

3.2.1 Chemicals and reagents

The chemicals used in this chapter include nitric acid (HNOs, 67 wt.% to 70 wt.%),
hydrochloric acid (HCI, 37 wt.%), sulfuric acid (H2SO4, 93 wt.% to 98 wt.%). All the chemicals
were of trace metal grade and purchased from Thermo Fisher Scientific, USA. Type | deionized
water with a resistivity of 18.2 MQ-cm at 25 °C was prepared using the Direct-Q Water

Purification System (Millipore, USA), and used throughout this study.

3.2.2 Materials

Grass leaves (GL) were harvested from grass grown by the author. The GL was dried in
an oven at 80 °C for 24 h. The resulting dry sample was then ground to a particle size of less than

297 pm and stored as the feed for MHTC tests.

3.2.3 Microwave-assisted hydrothermal carbonization

MHTC experiments were conducted in a microwave reactor (Multiwave GO Plus, Anton
Paar GmbH, Austria) with a magnetron frequency of 2450 MHz. 0.5 g of the GL and 10 mL of a
loading solvent were added into a 50-mL reaction vessel (HVT50, Anton Paar, Austria). The
MHTC experiments were conducted with different acids (HCI, H.SO4, and HNO3) at varying
acid concentrations (0.01 mol/L, 0.05 mol/L, 0.1 mol/L, and 0.5 mol/L) at a fixed temperature of

180 °C, using a heating rate of 10 °C/min. After retaining at 180 °C for 60 min, the vessels were
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cooled down naturally to room temperature. During the MHTC process, the increasing reaction
temperatures led to the production of more value-added hydrochar, which can be used as fuel (Li,
Ji, et al. 2023; Ul Saqgib, Sarmah, and Baroutian 2019). Considering that the microwave reactor's
maximum reaction temperature is 180 °C, this temperature was selected as the preferred
operating condition in this research. Additionally, Nizamuddin et al. found that compared to the
reaction temperature, other parameters, such as residence time and solid concentration, exerted a
negligible influence on the alternations of the chemical composition of the hydrochar
(Nizamuddin et al. 2017). Therefore, 60 min reaction time and 5 wt.% solid concentration were
selected (Ding et al. 2021; Gao et al. 2018; Nizamuddin, Qureshi, Baloch, Siddiqui, Takkalkar,
Mubarak, Deepa K. Dumbre, et al. 2019; Shao et al. 2019; Zhuang et al. 2020). In general, in
order to produce value-added hydrochar, MHTC experiments were conducted at a maintained
temperature of 180 °C with 5wt.% solid concentration for 60 min. Subsequently, the suspension
was collected and centrifuged at 5000 rpm for 5 min. The solid residue (hydrochar) was rinsed
thoroughly with deionized water, dried at 80 °C for 48 hours, weighed, and collected for further
analysis. The liquid product, biocrudes, was diluted 100 times with a solution containing 5% (v/v)
HNOs. Elemental concentrations of the diluted solution were analyzed using an inductively
coupled plasma emission mass spectrometer (ICP-MS, Thermo Electron iCAP-RQ, Thermo
Scientific, USA). The liquid product was also collected and stored for further analysis. Each run
was performed three times. The average results are reported, with experimental errors

represented by error bars.

3.2.4 Elemental concentration analysis

To measure the elemental composition of the GL and hydrochar, 0.2 g of solid was mixed
with 12 mL aqua regia, and then placed in a 50 mL digestion vessel (HVT50, Anton Paar,
Austria). The vessel was then placed in a microwave digestor (Multiwave GO Plus, Anton Paar,
Austria) and subjected to microwave digestion with a heating rate of 18.5 °C/min. The digestion

was carried out at 185 °C with a residence time of 40 minutes. After digestion, the vessel was
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allowed to cool completely, and then the digestion solution was collected and centrifuged. The
resultant supernatant was then diluted 100 times with 5% (v/v) HNOs for the measurement of
elemental concentrations using ICP-MS. ICP-MS analysis data was used to calculate the
elemental composition of the GL and hydrochar. Elemental concentrations of the GL are
presented in Table 3.1. The GL contained 510.5 mg/kg of total REEs, suggesting a good

feedstock for metal extraction tests.

Table 3.1 Elemental concentrations (mg/kg) of GL.

K Ca P Mg Na Fe Al Si Mn Zn
48730.2 12360.5 77254 3628.8 5445 255.7 266.2 182.0 73.7 456
Sr Ba Ti TREEs LREEs HREEs Y La Ce Dy

20.1 18.8 10.3 510.5 247.1 263.1 1254 1199 1222 1359

Note: TREESs, LREESs, and HREES represent total, light (La, Ce, Pr, Nd, and Sm), and heavy (Y,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) rare earth elements, respectively.

The fraction of REEs in the feed GL that was transferred into the biocrudes during the MHTC

process was defined as REE recovery (R, %), which was calculated using Equation (3.1).

_ gx001
Cp X0.01+Cgxmg

X 100 (3.1)

where Cs and C;, represent REE concentrations in the hydrochar (mg/kg) and biocrudes (mg/L),

respectively; mg (kg) represents the mass of the hydrochar, and 0.01 (L) is the volume of

biocrudes.

3.2.5 Thermogravimetric analysis

The thermogravimetric (TG) behaviors of the GL and hydrochar were analyzed using a
thermogravimetric analyzer (TGA 5500, TA Instruments CO., USA). Each sample (~ 5 mg) was

heated from room temperature to 950 °C at 10 °C/min under a continuous N2 flow of 50 mL/min.
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3.2.6 Hydrochar characterization

The proximate analysis of the GL and hydrochar was conducted in accordance with
ASTM methods (ASTM 1762-84 and 3173-87). Parikh developed correlations derived from the
proximate analysis of biomass, to calculate the elemental composition. These correlations were
derived from 200 data points and validated further with additional 50 data points. Parikh formula
provided a useful tool to calculate elemental components of biomass from simple proximate
analysis (Parikh et al. 2007). The correlations were found useful in performance modeling,
combustion, gasification, and pyrolysis processes (Channiwala and Parikh 2002; Evcil et al.
2020b; Muraina, Odusote, and Adeleke 2017). Therefore, the percentages of key elements (C, H,

and O) were calculated using the Parikh formula (Equations (3.2)~(3.4)).

C = 0.637FC + 0.455VM (3.2)
H = 0.052FC + 0.062VM (3.3)
0 = 0.304FC + 0.476VM (3.4)

where FC and VM represent volatile matter (%) and fixed carbon (%) present in the sample,
respectively.

The high heating value (HHV) (MJ/kg) was calculated based on Jenkins’s formula
(Equation (3.5)) (Channiwala and Parikh 2002; Ebeling and Jenkins 1985).

HHV = —0.763 + 0.301C + 0.525H + 0.0640 (3.5)

where C, H, and O represent the carbon, hydrogen, and oxygen contents of the dry material,
respectively.
The hydrochar yield (Hy, %) and energy densification (Ed) were calculated using
Equations (3.6) and (3.7), respectively (Kim et al. 2014).
Mp

Hy (%) =~ (3.6)
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HHVy
HHV;,

Ed =

(3.7)

where, M is the hydrochar weight (g), McLr is the mass of the GL (g), HHV is the high heating
value of the hydrochar (MJ/kg), and HHVGr is the high heating value of the GL(MJ/kg).

The microcrystal structure analysis of the samples was performed by X-ray diffraction
(XRD D8 ADVANCE, Bruker, Germany) using Cu target with ka radiation. XRD spectra were
obtained at 40 kV voltage and 40 mA current, in a 20 scanning range of 10° to 70° with a scan

speed of 2° per minute.

3.2.7 Biocrudes characterization

The chemical composition of biocrudes was analyzed using gas chromatography/mass
spectrometry (GC-MS; Agilent Technologies, Santa Clara, CA). GC-MS analysis was conducted
using an Agilent 7890 GC/5975 MS system equipped with an HP-5 MS capillary column (30m x
25mm x 0.25um). High purity helium served as the carrier gas at a flow rate of 1 mL/min, with a
split ratio of 50:1. The initial temperature was established at 28 °C for 3 minutes, followed by a
ramp to 180 °C at a rate of 5 °C/min, and further increased to 280 °C at 10 °C/min for 10 minutes.

Compound identification in biocrudes was performed using the NIST 08 library.

3.3 Results and discussion

3.3.1 REE recovery during MHTC

3.3.1.1 Effect of acid types

The reaction medium (i.e., loading solvent) is of great importance to metal fate during
hydrothermal processing (J. Zhang et al. 2022). Particularly, it was found that acid media favored
the removal of heavy metals from the resulting hydrochar into the liquid phase (Cui, Zhang,
Wang, Pan, Lin, Khan, Yan, Li, He, and Yang 2021). Therefore, the effect of acid types (HCI,

H>SO4, and HNOs3) on REE recovery during MHTC was investigated using a fixed acid
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concentration of 0.05 mol/L. As depicted in Figure 3.1, the addition of HCI and HNO3 had a
similar impact on REE recovery. However, the addition of H.SO4 had the most significant
positive influence on the removal of REEs from the solid phase. Around 65%, 66%, 61%, and
63% of Y, La, Ce, and Dy were released into the biocrudes, respectively, and the recovery of
total REEs (TREES) reached 63%. The addition of H2SO4 increased the recovery of REEs by
approximately 15 absolute percentage points in comparison to using HCI and HNOs. The higher
REE recoveries achieved by using H2SO4 as the reaction medium can be attributed to the higher
concentration of hydrogen ions (H™) available in the H>SO4 solution compared to using the same
concentrations of HCI and HNO3z (Larsson et al. 2013; Zielinski et al. 2020). The presence of H*
hinders the formation of metal-containing precipitates and/or surface adsorbed forms that could
adhere to hydrochar. Instead, it facilitates the release of metals into the liquid phase in the form
of metal cations and/or metal-sulfate complexes (Cui, Zhang, Wang, Pan, Lin, Khan, Yan, Li, He,
and Yang 2021; Wei et al. 2021). Therefore, a higher concentration of H* facilitates the release
of REEs from the GL into biocrudes. Zhang et al. and Zhu et al. also found that around 90% of
Cd and Zn as well as over 70% of Pb were removed from hydrochar with the addition of HCI at
240 °C during hydrothermal processing (J. Zhang et al. 2022; Zhu et al. 2019).

The influence of acid types on the hydrochar yield is shown in Figure 3.2. The yields of
hydrochar obtained by adding HCI, H2SO4, and HNO3 were 38%, 32%, and 37%, respectively.
As reported by Rabemanolontsoa et al., inorganic acids can be used as catalysts for the
hydrolysis of lignocellulose to yield sugars such as glucose. In addition, dilute acid hydrolysis at
high temperatures resulted in extensive degradation of amorphous hemicelluloses
(Rabemanolontsoa and Saka 2016). Therefore, in this study, compared to HCI and HNO3, a
higher concentration of available H* present in the H>SO4 solution promoted the degradation of

the GL during MHTC process, leading to the lowest yield of hydrochar during MHTC.

39



100

80+

=
E\ 60 4 M =al [ |:|Y

S L

: I L

3 [ ]Ce

o 401 I Dy

H [ ] TREEs

204

0 o —
HCI H,80, HNO,
Acid types

Figure 3.1 Effect of acid types on REE recovery from the GL into biocrudes.
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Figure 3.2 Effect of acid types on hydrochar yield from the GL.

The effect of acid type on the recovery of major (>1000 mg/kg) and trace (10-1000
mg/kg) elements from the GL into biocrudes was also investigated. As shown in Figure 3.3,
almost 100% of K is recovered with the addition of all three acids. It was reported by Liu et al.
that K in biomass was typically found in the form of ionic K™ and exhibited high solubility in

water. Additionally, it may form relatively weak complexes with organic acids. Therefore, K was
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easy to extract from the GL into biocrudes (Liu et al., 2021). Si exhibited opposite leaching
patterns when compared to REEs. Approximately 82% of Si was released into biocrudes with the
addition of H2SO4, while more Si was leached in the systems of HCIl-mediated and HNO3-
mediated MHTC. It was reported that the addition of H2SO4 led to the formation of relatively
insoluble silica (silica gel) (Equation (3.8)), thus reducing the leachability of Si from the GL
(\Vafaei and Allahverdi 2017).

H2504 + SIOZ — SIOZ . H2504 (38)

In addition to K and Si, the remaining major and trace elements in the GL showed
leaching patterns similar to REEs. For instance, 96% and 85% of Mg and Ca, elements riched in
plants (Chour et al. 2020), were recovered into biocrudes when adding H2SO4. However, with
the addition of HCI and HNOs, the recoveries of Mg reached 91% and 93%, and the recoveries
of Ca attained 60% and 75%, respectively. Regarding the nutrient element P, 93% of this
element was extracted from the GL in the H2SO4-mediated system, while the recovery decreased
to 81% and 84%, respectively, with the addition of HCI and HNO3z during MHTC. As mentioned
above, H2SOq is a strong diprotic acid, which provides more H™ per mole compared to HCI and
HNO3 (Ciszkowska, Stojek, and Osteryong 1995). Therefore, the increased acidity facilitated the

breakdown of the GL components and the release of elements into biocrudes.
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Figure 3.3 Effect of acid types on the recovery of major and trace elements from the GL into

biocrudes.

The XRD patterns of the GL and the hydrochar resulting from MHTC with different
acids are shown in Figure 3.4, which can be used to understand the structural changes of the GL
during the MHTC process. Three broad peaks found at 26 values of 15.5° 22.5° and 34.4°
indicated the coexistence of the amorphous (hemicellulose, extractives, lignin, and amorphous
cellulose) and crystalline (crystalline cellulose) structures in the GL and hydrochar (Guo et al.
2015). The diffraction peaks of hydrochar at these three positions were sharper than those of the
GL, indicating that a portion of the amorphous components were removed during the acid-
mediated MHTC process. In particular, the hydrochar produced from the H>SOs-mediated
MHTC system presented the highest peak intensities, indicating that more amorphous structures
were detached. As mentioned before, the decomposition of amorphous components during
microwave treatment resulted in a decrease in hydrochar yield (Kang et al. 2019). Therefore, the
addition of H>SO4 led to the removal of more amorphous structures in the GL and the lowest

yield of hydrochar.
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Figure 3.4 XRD patterns of the GL and hydrochar.

TG and differential thermogravimetric (DTG) analyses were performed to study the
thermal decomposition behaviors of the GL and the produced hydrochar (Kang et al. 2019). It
can be seen from Figure 3.5(a) that the TGA curves can be divided into three stages. The first
stage (25 °C-200 °C) was characterized by slow weight loss, which can be attributed to the loss
of moisture and the release of light volatiles (Parshetti, Hoekman, and Balasubramanian 2013).
The second stage was in the temperature range from 200 °C to 400 °C. The sudden decrease in
weight loss from around 95% to 35% was mainly due to the decomposition of hemicellulose and
cellulose. After 400 °C, the third stage took place and showed a gradual decrease. This
phenomenon might be due to the slower thermal decomposition of lignin occurring after 400 °C
(Elaigwu and Greenway 2016; Nizamuddin et al. 2017). With the increase in temperature from
200 °C to 950 °C, the weight loss of the GL was 93%, while the weight loss of hydrochar was
lower than the GL by 10 absolute percentage points, which indicated that the produced
hydrochar possessed higher thermal stability compared to the GL.

As indicated in Figure 3.5(b), the intensive decomposition of the GL occurred at the
temperature of 300 °C, while in terms of the hydrochar, the intensive decomposition occurred at

370 °C. The occurrence of intensive decomposition of the GL at the lower temperature was
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principally due to the degradation of hemicellulose. On the other hand, the occurrence of
intensive decomposition of the hydrochar at the higher temperature was mainly attributed to the
decomposition of cellulose. This phenomenon can be explained by the fact that cellulose needs
higher temperatures for hydrolysis compared to hemicellulose (Finkelstein 2000). Generally, the
contrast-intensive decomposition temperatures indicated that the MHTC process promoted the
decomposition of amorphous hemicellulose in the GL, and as such, the main component
contained in hydrochar became cellulose. In addition, Figure 3.5(b) also illustrates that the
highest weight loss rate of hydrochar produced by adding H2SO4 is lower than by adding HCI
and HNOs, which indicates that hydrochar produced in the H.SO4-mediated MHTC system had
improved stability and quality (Ding et al. 2022).

In summary, HSO4 was identified as the preferred acid, with the aim of maximizing the
recovery of REEs from the GL into biocrudes and obtaining value-added hydrochar with high

thermal stability and other advantageous properties (see Section 3.2).
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Figure 3.5 TG (a) and DTG (b) curves of the GL and hydrochar.

3.3.1.2 Effect of H2SO4 concentration

As reported in the literature, acid concentration played a significant role in REE recovery
from various sources (Jally et al. 2021b; Ji and Zhang 2021; Li, Ji, et al. 2023; Mwewa et al.
2022). This phenomenon was because acid concentration exerted an influence on the pH of the
solution, and a specific pH range was crucial for controlling the solubility of REEs (Cao et al.
2001). The effect of H.SO4 concentration (0.01 mol/L, 0.05 mol/L, 0.1 mol/L, and 0.2 mol/L) on
REE recovery from the GL during the MHTC process was investigated. As can be seen from
Figure 3.6, the recovery of REEs increases by around 10% with the increase in H2SO4
concentration from 0.01 mol/L to 0.05 mol/L. When further increased H2SO4 concentration from
0.05 mol/L to 0.1 mol/L, the recovery increased significantly to 94%, 93%, 94%, and 94% for Y,
La, Ce, and Dy, respectively. A slight increase was observed in REE recovery with the
enhancement in H.SO4 concentration from 0.1 mol/L to 0.2 mol/L, and almost 100% of REEs
were released from the GL into biocrudes with the addition of 0.2 mol/L H2SOs. The final pH
values of the biocrudes produced under the four different acid concentrations were 4.8, 2.8, 2.1,

and 1.8, respectively. It was found by Borra et al. that low pH values were beneficial for REE
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leaching (Borra et al. 2015). In addition, strong acids were found to effectively promote the

dissolution of lignin and the release of REEs from it (Song et al. 2023).
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Figure 3.6 Effect of acid concentration on REE recovery from the GL into biocrudes.

The hydrochar yields with different concentrations of H,SO4 are shown in Figure 3.7.
With the increase in H2SO4 concentration from 0.01 mol/L to 0.1 mol/L, the yield of produced
hydrochar decreased gradually from 37% to 26%. However, a hydrochar yield of only 11% was
obtained with the addition of 0.2 mol/L H2SOs. As mentioned before, processing biomass in an
acidic medium at high temperatures led to the degradation of lignocellulose, and thus, the yield
of hydrochar was reduced. Lu et al. performed hydrothermal carbonization (HTC) of cellulose in
the presence of HCI, H.SO4, NaOH, Ca(OH)2, and acetic acid. It was found that hydrochar yield
was not significantly affected by any of these acids and bases (Lu, Flora, and Berge 2014).
However, in this study, the concentration of H.SO4 exhibited a noticeable impact on the yield of
hydrochar, especially with the addition of 0.2 mol/L H2SOs, the hydrochar yield decreased
sharply. The possible explanation is that compared to HTC, microwave heating used in MHTC
further increased the degradation of biomass due to its advantages of rapid and selective heating

(Hibbert, Welham, and Zein 2019; Li et al. 2019). Furthermore, a strong acid used as a catalyst

46



can promote the degradation of some difficult-to-degrade components in biomass, such as lignin

(Song et al. 2023).
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Figure 3.7 Effect of acid concentration on hydrochar yield from the GL.

In addition to REEs, the effect of H.SO4 concentration on the recovery of other elements
was also investigated. It can be seen from Figure 3.8 that all K was recovered from the GL into
biocrudes, regardless of the acid concentration used due to the reason mentioned in Section 3.1.1.
When increasing the H2SO4 concentration from 0.01 mol/L to 0.2 mol/L, the recovery of Si
decreased from 94% to 28%. At lower pH values, Si may precipitate as insoluble silicate
compounds or form silica gel, making it less soluble (Mai and Militz 2004). With the increase in
H>S0O4 concentration, the pH of the solution decreased, leading to a decrease in Si recovery. In
addition, microwave heating accelerates chemical reactions by providing rapid and efficient
energy transfer to the reaction system (Larhed, Moberg, and Hallberg 2002). Therefore, with a
higher H2SO4 concentration during MHTC, the precipitation of Si became more aggressive,
resulting in a significant decrease in Si recovery. The recoveries of other major and trace
elements in the GL showed similar patterns with the increase in HSOs concentration. The

recoveries of these elements initially increased as the acid concentration was raised from 0.01
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mol/L to 0.1 mol/L, but subsequently, decreased as the acid concentration was further raised
from 0.1 mol/L to 0.2 mol/L. Increasing the acidity of the solutions dissolved minerals and ores
more effectively, thus resulting in higher element recovery (Hidayah and Abidin 2018).
Therefore, the recovery of these elements increased with the increase in acid concentration from
0.01 mol/L to 0.1 mol/L. However, when further increased from 0.1 mol/L to 0.2 mol/L, the
formation of insoluble silicate compounds or silica gel trapped other elements and reduced their

recoveries from the GL (Alkan et al. 2018).
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Figure 3.8 Effect of acid concentration on the element recovery from the GL into biocrudes.

The XRD patterns of hydrochar are shown in Figure 3.9. It was found that the intensities
of three broad peaks representing the amorphous and crystalline structures increased initially
with the increase in HSO4 concentration from 0.01 mol/L to 0.1 mol/L. However, the intensities
of these peaks decreased significantly as the acid concentration was further increased to 0.2
mol/L. The increase in the intensity of these three peaks implied the removal of amorphous
structures in the GL. With the addition of 0.2 mol/L H2SOs, the crystalline cellulose was

degraded and converted, subsequently leading to the formation of amorphous products (Chen et
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al. 2018). Therefore, the intensities of the three peaks reduced again when the acid concentration

increased to and above 1 mol/L.
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Figure 3.9 XRD patterns of the hydrochar.

Figure 3.10 depicts the TG and DTG curves of the hydrochar. As can be seen from Figure
3.10(a), the weight loss of hydrochar produced with the addition of 0.2 mol/L H2SOg4 is around
77%, which is lower than the hydrochar produced by adding 0.01 mol/L, 0.05 mol/L, and 0.1
mol/L H>SO4 by around 12 absolute percentage points. These results signified a significant
improvement in the thermal stability of hydrochar with the addition of 0.2 mol/L H2SO4. This
observation holds promise for the development of hydrochar products from the GL, particularly
for fuel applications (Naderi and Vesali-naseh 2021).

Figure 3.10(b) illustrates that the intensive decomposition of the hydrochar produced with
the addition of 0.01 mol/L, 0.05 mol/L, and 0.1 mol/L H2SO4 occurs at around 375 °C. In terms
of the hydrochar produced by adding 0.2 mol/L H2SO4, the intensive decomposition took place at
a lower temperature (225 °C). This observation suggested that hydrochar derived with the

addition of 0.2 mol/L H>SOs4 was primarily composed of structures that are more easily
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decomposed. As mentioned above, the presence of 0.2 mol/L H2SO4 led to the degradation and
alteration of the crystalline cellulose present in the GL, resulting in the generation of amorphous
products. The amorphous products are more easily degraded than crystalline cellulose, thus

leading to a lower temperature required for intensive decomposition.
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Figure 3.10 TG (a) and DTG (b) curves of the hydrochar.

In general, the increase in H2SO4 concentration leads to an increase in REE recovery
from the GL, while hydrochar yield decreased with the increased H.SO4 concentration due to the

degradation of lignocellulose. The crystalline structure of the hydrochar increased initially with
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the increase in H2SO4 concentration from 0.01 mol/L to 0.1 mol/L. However, with the addition
of 0.2 mol/L H>SOg, the crystalline structure was degraded, as evidenced by the decreased
intensities of the peaks, indicating that the amorphous products were formed in 0.2 mol/L
H2SO4-mediated MHTC system. TG and DTG curves (Figure 3.10) indicate that a significant
improvement in the thermal stability of hydrochar was obtained with the addition of 0.2 mol/L
H>SO4. The hydrochar with increased thermal stability is more promising for fuel applications.
In conclusion, considering maximizing the recovery of REEs and producing value-added

hydrochar from the GL, 0.2 mol/L H2SO4 was chosen as the optimal condition.

3.3.2 Hydrochar characterization

The basic physicochemical properties of the GL and hydrochar derived from the GL
under various MHTC conditions are shown in Table 3.2. Hydrochar produced with the addition
of acids had lower VM values than the GL, which can be explained that the acid-induced
decomposition of the GL produces volatile organic compounds, such as furfural, which then give
rise to the formation of pseudo-lignin on the surface of the hydrochar (Ma et al. 2023). When
increasing the acid concentration from 0.01 mol/L to 0.2 mol/L, the VM of hydrochar decreased
from 74.49% to 56.37%. This was because, with the increase in acid concentration, the
decomposition of the GL became more effective, resulting in the formation of more pseudo
lignin and low VM contents.

Compared to the GL, the addition of various acids led to a decrease in the ash content of
derived hydrochar (J. Zhang et al. 2022). An acidic environment promoted the conversion of
alkali and alkaline earth metals into soluble compounds, resulting in a decrease in the ash content
of derived hydrochar (Lei, Kannan, and Raghavan 2021). Hydrochar with reduced ash content is
desirable to be used in soil amendment and as an energy fuel (Kambo and Dutta 2015a). A slight
fluctuation was observed in the ash content of hydrochar produced from MHTC of the GL with
the addition of different acids. With an increase in H2SO4 concentration from 0.01 mol/L to 0.2

mol/L, the ash content decreased from 5.58% to 2.10%. It can be inferred that in comparison
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with acid types, acid concentration played a more significant role in changing the ash content of
the derived hydrochar.

The hydrochar produced with the addition of various acids at a concentration of 0.05
mol/L exhibited C contents ranging from 44.84% to 47.69%, exceeding the C content found in
the GL. In addition, the C content increased gradually from 43.42% to 50.82% when increasing
the H2SO4 concentration from 0.01 mol/L to 0.2 mol/L. In terms of the contents of H and O, a
minor variation was observed with adding various acids and changing H2SO4 concentrations.
The H/C and O/C ratios are used to describe the internal chemical transformations occurring
during the MHTC process of the GL (Liu, Ma, and Chen 2018). The H/C of hydrochar showed
minor differences when adding acids and elevating acid concentrations during the MHTC
process, indicating that the addition of acids and increased acid concentrations exerted negligible
influences on the formation of aromatic structures in hydrochar (Wilk et al. 2020). However, the
O/C of hydrochar decreased to 0.84-0.89 with the addition of acids at a concentration of 0.05
mol/L, and it further decreased significantly to 0.78 with the addition of 0.2 mol/L H2SOa. A low
OIC ratio represents a high carbonization degree and the existence of less polar functional groups
(Wiedner et al. 2013). Therefore, it can be inferred that hydrochar with a high carbonization
degree and less polar functional groups can be produced from MHTC of the GL with the addition
of acids and increased acid concentrations, and this type of hydrochar was anticipated to exhibit

greater environmental stability (Liu et al. 2018).

Table 3.2 Physicochemical properties of the GL and hydrochar.

Elemental analysis

Proximate analysis (%) HHV 0 Yield Energy
e
(MJ/kg) 06) HIC 0/C (%)  Densification
M VM FC  Ash C H 0
GL 590 75.63 11.78 6.69 17.07 4163 530 3932 0.13 094
G-HCI 3.83 7044 20.71 5.01 18.25 4508 550 3997 0.12 0.89 38.32 1.07
H(Nsbg 3.73 7152 1958 5.17 18.19 4484 550 40.08 0.12 0.89 31.12 1.07
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G-
H2S0,4
G-0.01
mol/lL  4.67 7449 1526 5.58 17.72 4342 543 40.00 0.12 092 3574 1.04
H2S04
G-0.05
mol/lL 240 64.67 28.87 4.07 19.11 4769 5.62 40.05 012 084 31.84 1.12
H2S04
G-0.1
mol/lL 216 63.94 30.37 3.53 19.34 48.36 5.66 40.23 0.12 0.83 27.80 1.13
H2S04
G-0.2
mol/lL  2.02 56.37 39.50 2.10 20.09 50.82 5.73 39.82 011 0.78 10.30 1.18
H2SO4

240 64.67 28.87 4.07 19.11 4769 5.62 4005 0.12 084 3184 1.12

Note: M is moisture, VM is volatile matter, FC is fixed carbon, and HHV is high heating value.

HHYV is a significant characteristic of hydrochar, representing the amount of heat released
from fuel combustion (Su et al. 2021). It can be seen from Table 3.2 that the HHV increases
from 17.07 MJ/kg (GL) to 18.25-19.11 MJ/kg (hydrochar produced with the addition of acids).
Moreover, the HHV enhanced significantly from 17.72 MJ/kg to 20.09 MJ/kg with the increase
in acid concentration from 0.01 mol/L to 0.2 mol/L. The HHV of hydrochar obtained by adding
0.2 mol/L H2SO4 was higher than conventional lignite (15-20 MJ/kg) (Kim et al. 2014). Based
on Equation (3.7), the energy densification shows the same trend as the HHV of hydrochar. The
highest energy densification of hydrochar can be achieved under the condition of adding 0.2
mol/L H2SO4 during the MHTC process. This implied that the increase in acid concentration can
greatly enhance the energy densification of hydrochar, which increased the viability of utilizing

the produced hydrochar for fuel applications (Mékela et al. 2015).

3.3.3 GC-MS analysis of biocrudes

GC-MS analysis was performed to investigate the composition of biocrudes produced
from MHTC of the GL with the addition of 0.2 mol/L H2SOas. In Figure 3.11, the x-axis
represents the retention time, and the y-axis denotes the relative total peak area for each
component (Tu et al. 2021). The major components (>1% relative total peak area) in the

biocrudes were labeled with serial number (D~® (Chen et al. 2014). As can be seen from Figure
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3.11, the alicyclic compound, furfural, occupies the largest proportion (14.67%) of the biocrudes.
Furfural primarily originates from the hydrolysis of cellulose and hemicellulose, leading to the
breakdown of sugars and their derivatives (Tang et al. 2017). It can be inferred that instead of
lignin, the GL was mainly composed of hemicellulose and cellulose. In addition, the proportion
of 5-methyl-2-furancarboxaldehyde in the biocrudes was 4.14%. It was found by Tu et al. that
the acid-catalyzed hydrolysis facilitated the transformation of cellulose into furfural and 5-
methyl-2-furancarboxaldehyde, rather than inducing cracking to produce smaller molecules like
1-hydroxy-2-propanone (Tu et al. 2021). Therefore, furfural and 5-methyl-2-
furancarboxaldehyde were the main components in biocrudes produced from MHTC of the GL
with adding 0.2 mol/L H2SOs. In addition, it was found that octaethylene glycol monododecyl

ether, constituting 13.42% of the total, emerged as a significant constituent in biocrudes.
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Figure 3.11 The component of biocrudes from MHTC of the GL with the addition of 0.2 mol/L

H2S0a.

In order to analyze the MHTC paths of the GL with the addition of 0.2 mol/L H2SOs, the
reaction mechanisms of two main components (hemicellulose and cellulose) in the GL are

investigated in Figure 3.12. During MHTC, the glycosidic bonds in hemicellulose were initially
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broken, leading to the release of xylose. Xylose underwent further reactions in acidic conditions,
thus promoting the production of furfural eventually. Cellulose underwent initial conversion to
glucose, which was subsequently transformed into 5-methyl-2-furancarboxaldehyde through
acid-catalyzed dehydration reactions (Xiang et al. 2003). Finally, 5-methyl-2-

furancarboxaldehyde was converted to furfural.

hemicellulose

HO OHHO

JHHO OHHO

IR IR e o e

5-methyl-2-
Furancarbox
aldehyde

cellulose glucose furfural

Figure 3.12 Reaction mechanisms for MHTC of the GL with the addition of 0.2 mol/L H2SOa.

3.4 Conclusion

MHTC experiments with different acid types (HCI, H2SOs, and HNOs3) and acid
concentrations (0.01 mol/L, 0.05 mol/L, 0.1 mol/L, and 0.2 mol/L) were performed to achieve
the maximum recovery of REEs and the production of value-added hydrochar from the GL. The
addition of various acids and the increase in acid concentration favored the release of REESs into
biocrudes. Almost 100% of REEs were recovered using 0.2 mol/L H2SO; as the reaction medium
during MHTC. Most of the elements in the GL showed recovery patterns similar to REEs. XRD
and TGA analyses showed that the amorphous structures in the GL were degraded with the

addition of acid, and partial crystalline cellulose was decomposed into amorphous products with

55



the addition of 0.2 mol/L H2SO.. In addition, the hydrochar produced by adding 0.2 mol/L
H>SO4 has high thermal stability, carbonization degree, HHV, and energy densification, showing
great potential for energy production. The main components in biocrudes derived with the
addition of 0.2 mol/L H2SO4 were furfural and 5-methyl-2-furancarboxaldehyde, the derivatives
from hemicellulose and cellulose. Therefore, adding 0.2 mol/L H.SO4 during MHTC is an
effective way to recover REEs from the GL and obtain value-added hydrochar. These results
confirmed that REEs present in hyperaccumulators can be transferred into biocrudes during
MHTC in an acid-mediate system. Studies on the separation and purification of REEs from the
biocrudes will be investigated in the future. A flowsheet for the processing of REE-contained
biocrudes with the applications of solvent extraction, scrubbing, and precipitation stripping will

be considered to be proposed to produce high purity REE products.
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Chapter 4 Process Development for Rare Earth Elements Recovery

and Struvite Production from Biocrudes

Abstract

A process that combines solvent extraction and struvite precipitation was first developed
to address this challenge. In the extraction step, 95.6% of REEs were extracted using 0.05 mol/L
di(2-ethylhexyl)phosphoric acid (D2EHPA) with an aqueous to organic (A/O) ratio of 1:1 at pH
3.0. However, 75.1% of Al, 81.2% of Ca, 54.5% of Fe, 61.5% of Mn, and 81.3% of Zn were co-
extracted into the organic phase with the REESs. To solve this issue, a subsequent scrubbing step
using deionized water was applied, with the removal of over 98% of these impurities, while
incurring negligible loss of REEs. After the scrubbing step, over 97% of REEs were ultimately
stripped out from the organic phase as REE oxalates using 0.01 mol/L oxalic acid as the
stripping agent. Furthermore, phosphorous (P) was found to be retained in the raffinate after the
solvent extraction process. 94.4% of the P was recovered by forming struvite precipitate at pH
9.0 and a Mg/P molar ratio of 1.5. In general, high purity and value-added REE products and
struvite precipitate were eventually achieved from biocrudes in environmentally friendly and

economically viable ways.

4.1 Introduction

After the phytomining process, the treatment of REE hyperaccumulators continues to
pose a significant challenge. Given the value of REEs in advanced technologies, some studies
have focused on recovering REEs from hyperaccumulators (Jally et al. 2021b; Laubie et al. 2018;
Li and Zhang 2024). Conventional approaches employ hydrometallurgical techniques to directly
extract REEs from hyperaccumulators or indirectly from the incineration ash, suffering from the
disadvantages of being cost-prohibitive and environmentally unfriendly (Ashraf et al. 2022;

Chour et al. 2018; Jally et al. 2021a; Laubie et al. 2018). Li and Zhang found that during
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microwave-assisted hydrothermal carbonization (MHTC), nearly 100% of REEs were extracted
from an REE hyperaccumulator into biocrudes (liquid product) using 0.2 mol/L H2SO4 (Li and
Zhang 2024). Additionally, the produced hydrochar (solid product) with high thermal stability
and higher heating value (HHV) shows great potential for energy production. While hydrochar
obtained after MHTC has the potential to be used as a fuel source, biocrudes necessitates
additional refinement. Therefore, more attention is worth paying to the further processing of
biocrudes.

In addition to REEs, Li and Zhang found that the biocrudes obtained from the MHTC
treatment of REE hyperaccumulators in acidic media contains other elements, such as Mg, Al,
Ca, Fe, Mn, Zn, P, etc (Li and Zhang 2024). Solvent extraction is commonly employed for the
generation of mixed rare earth solutions or the separation of individual REEs (Xie et al. 2014).
Organic extractants have been extensively utilized in the solvent extraction processes of REES.
Almost 99.9% of REEs were extracted from actual monazite leachate using di(2-
ethylhexyl)phosphoric acid (D2EHPA) (Wu et al. 2018). Over 99% of REEs were recovered
from ion-adsorption REE ores by stepwise extraction using 2-ethylhexyl phosphonic acid mono-
2-ethylhexyl ester (HEHEHP) and bis(2-ethylhexyl) phosphate (HDEHP) as the organic
extractants (Huang et al. 2017). La, Ce, and Y were extracted from waste electrical and
electronic equipment at high efficiencies using a mixture neodecanoic acid (Versatic 10) and
tributyl phosphate (TBP) at pH 7.0 (Talebi et al. 2018). Co and Sm chlorides dissolved in water
were extracted by tricaprylylmethylammonium chloride (Aliquat 336) diluted in toluene (Z. Li et
al. 2018).

In addition to REES, the recovery of nutrient elements from biocrudes is worth exploring
due to the value of nutrient elements in plant growth and the negative influence of improper
disposal of nutrient-rich biocrudes on the environment (Martinez-Fernandez and Chen 2017;
Njira and Nabwami 2015). Struvite precipitation has been widely investigated in phosphorous (P)

recovery from wastewater, preventing the water from becoming eutrophic (Kumar and Pal 2015).
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Furthermore, owing to its low solubility, struvite is regarded as an optimal candidate for slow-
release fertilization (Rech et al. 2018; Talboys et al. 2016). A number of studies investigated the
potential influencing factors on the struvite crystallization process, aiming to understand their
impact on P recovery efficiency and product purity. Over 90% of P was recovered from an
anaerobically digested chicken slurry with a molar ratio of 1:1:1 for Mg: N: P at a pH range of
9.5 to 10.5, resulting in a high-purity struvite precipitate (Muhmood et al. 2018). High P
recovery and over 90% of struvite precipitation efficiency were obtained from urine systems
with the addition of MgCl, or seawater as Mg sources (Aguado et al. 2019). 70% of P was
recovered from wastewater, and pure struvite was produced (Sciarria et al. 2023). Over 98% of P
was recovered as struvite from the black water using active serpentine (Li et al. 2022). Prior
studies mainly focused on the fate of elements during hydrothermal treatment, while few studies
emphasized the subsequent recovery of these elements (Chai, Bai, et al. 2022; Conti et al. 2018;
Cui, Zhang, Wang, Pan, Lin, Khan, Yan, Li, He, and Yang 2021; Lu et al. 2017). Therefore, in
this study, a process that combines solvent extraction and struvite precipitation with the aim of
recovering valuable elements from biocrudes was first developed to address this difficulty.

In this study, a process flowsheet for the recovery of valuable elements from biocrudes
was elaborated from both environmentally friendly and economically viable perspectives.
Biocrudes produced from treating a REE hyperaccumulator in an acid-mediated MHTC system
was collected and used as the feedstock. The separation and purification of REEs from the
biocrudes was accomplished via a solvent extraction process that encompassed stages of
extraction, scrubbing, and precipitation stripping, with each phase undergoing parametric
optimization to enhance operational efficiency. REEs in biocrudes were finally recovered as high
purity REE products, which had a wide application in advanced technologies. P contained in the
biocrudes was precipitated as struvite after the extraction step of REEs. The struvite precipitation
experiments were performed through adjustments of pH and Mg/P molar ratio to identify

optimum conditions aiming at maximizing P recovery. P was recovered by forming struvite
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precipitate employed as a slow-release fertilizer. This study offered insights into the treatment of

biocrudes in practice and economically.

4.2 Materials and methods

4.2.1 Materials and reagents

Grass leaves (GL) utilized in this study were cultivated and harvested by the authors,
following a methodology detailed in (Li, Ji, and Zhang 2024). 1 g of the GL and 20 mL of 0.2
mol/L H2SO4 were mixed in the vessel, and then inserted into the rotor of the microwave reactor
(Multiwave GO Plus, Anton Paar GmbH, Austria), where the temperature was ramped up to
180°C at 10 °C/min heating rate and sustained for 60 min. The resultant suspension was
centrifuged at 5000 rpm for 5 min to separate the liquid fraction, termed biocrudes, which was
preserved for subsequent experimental analysis. Detailed information concerning this experiment
was published (Li and Zhang 2024). Biocrudes was diluted in a 100-fold volume of 5% (v/v)
HNOg solution for the analysis of elemental concentration, conducted by an inductively coupled
plasma emission mass spectrometer (ICP-MS, Thermo Electron iCAP-RQ, Thermo Scientific,
USA).

Chemicals used in this chapter involve hydrochloric acid (HCI, 37 wt.%), 50% w/w
sodium hydroxide (NaOH, > 97 wt.%), anhydrous magnesium chloride (MgClz, >98%), odorless
kerosene, and oxalic acid. Di(2-ethylhexyl)phosphoric acid (D2EHPA) was utilized as received
without further purification. All chemicals employed in this study were purchased from Thermo

Fisher Scientific. Deionized water was used for all solutions.

4.2.2 Solvent extraction

4.2.2.1 Extraction Experiments

The purification of REEs from biocrudes was conducted through a series of extraction,

stripping, and scrubbing steps (Zhang and Honaker 2020). In the extraction step, the organic
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phase was prepared by adding D2EHPA into kerosene. The organic phase was thoroughly mixed
with 20 mL biocrudes by magnetic stirring at room temperature (21 = 0.5 °C) during the
extraction process. 37 wt.% HCI and 50% (w/w) NaOH were used as pH regulators. Following
each pH adjustment, the mixture was agitated at 28 g for 2 min to obtain a relatively stable pH
value. After achieving the desired pH value, the mixture was stirred at 28 g for 20 min to attain
equilibrium. Subsequently, the pH value was recorded using a portable pH meter (AP110,
Thermo Fisher Scientific, USA) for measurement. The resulting aqueous and organic phases
from the extraction step were transferred to a separatory funnel and left for 5 min for phase
separation. Elemental concentrations of the separated aqueous phase were measured by ICP-MS.
The extraction efficiency (E, %) is determined by calculating the ratio of elements transferred to
the organic phase relative to their initial quantity in the feed solution. The extraction efficiency

(E, %) was calculated in accordance with Equation (4.1).

_ [Ml4-[Mlp
E= T x 100 (4.2)

where [M]a (mg/L) and [M]s (mg/L) denote the elemental concentration in the feed biocrudes
and in the raffinate obtained from the extraction test, respectively.

During the extraction process, investigations were conducted to identify optimal
conditions for extracting REEs from biocrudes, focusing on varying pH levels (1.0 to 7.0),
D2EHPA concentrations (0.01 mol/L to 0.2 mol/L), and aqueous to organic (A/O) ratios (1/5 to
5/1).

4.2.2.2 Scrubbing and Precipitation Stripping Experiments

Subsequent to the extraction step, the organic phase enriched with REEs was subjected to
scrubbing tests to eliminate undesirable elements using deionized water at a fixed A/O ratio of
1/1 (W. Zhang et al. 2022). The scrubbing process was under continuous magnetic stirring at 28

g for 30 min. Phase separation after scrubbing was carried out using the same method as
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employed during the extraction step. Scrubbing efficiency (S, %) was calculated according to
Equation (4.2).

__ IM¢
S= M-I, x 100 (4.2)

where [M]c (mg/L) denotes metal ion concentration, M, in the aqueous phase after the scrubbing
step.

After the scrubbing tests, the organic phase containing REEs was mixed with oxalic acid
solutions at concentrations spanning from 0.005 mol/L to 0.1 mol/L to strip REEs from the
organic phase by forming REE oxalate precipitate (Jorjani and Shahbazi 2016). During the
precipitation stripping experiments, the A/O ratio was maintained at 1/1, and the stirring process
was conducted at 28 g for 60 min at a pH value of 2.5. The mixtures were allowed to stand until
separation into three distinct layers was observed. The aqueous precipitating solution was diluted
by a factor of 100 with a 5% (v/v) HNOs and sent to ICP-MS for elemental concentration
analysis. The REE oxalate precipitate was separated from the other two phases by filtration and
rinsed with 2-propanl thoroughly. Elemental concentrations of the precipitate were analyzed
following the digestion procedure published by Li et al. (Li, Tran, et al. 2023). The REE

precipitation (Preg, %) efficiency was calculated according to Equation (4.3).

[M] 4~ [Mp—[M]c—[M]p
Prgp = x 100 4.3
REE [M]4—[M]5—[M]¢ (4.3)

where [M]p (mg/L) is the metal ion concentration in the aqueous precipitating solution.
The concentration of total organic carbon (TOC) in the raffinate after both extraction and
stripping precipitation steps was analyzed by using TOC-L Total Organic Carbon Analyzer

(Shimadzu, Kyoto, Japan). The sample was diluted 100 times with 0.1 mol/L HCI for analysis.

4.2.3 Struvite (MgNH4PO4-6H20) precipitation

Batch experiments of struvite precipitation were implemented to recover P from the
raffinate obtained after the extraction step (Sena et al. 2021; Sun, Mohammed, and Liu 2020). 20

mL of the raffinate and added reagents were mixed by magnetic stirring during the precipitation
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process. Each experiment was conducted in triplicate. MgCl> prepared at 0.1 mol/L was used as
the magnesium source to achieve the required Mg/P molar ratio. After adding MgCl», the
mixture was continuously agitated at 4 g to ensure thorough mixing of the MgCl, and the
raffinate. The pH adjustment was facilitated using 50% (w/w) NaOH. The stirring speed was
maintained at 1 g for 35 min after obtaining the desired pH, which was recorded by a portable
pH meter (AP110, Thermo Fisher Scientific, USA). The resultant suspension was centrifuged.
The obtained precipitate was washed with deionized water, dried at 60 °C for 48 h, and prepared
for additional analysis. The supernatant was diluted by a factor of 100 with 5% (v/v) HNOz and
analyzed for elemental concentrations. The P recovery (P, %) by forming struvite precipitate was

calculated according to Equation (4.4).

[M]p—[M]g
P=—7"7—"=x100 4.4
[M]p ( )

where [M]e (mg/L) represents the elemental concentration in the aqueous phase after struvite
precipitation.

Each experiment in this study was replicated three times, with the mean outcomes
presented and experimental uncertainties indicated by error bars to ensure its efficacy and
reproducibility.

The speciation, solubility, and equilibrium of solid and dissolved phases of compounds in
an aqueous solution were calculated by Visual MINTEQ (Zhou and Wu 2012). The composition
of the raffinate obtained after the extraction process is used as an input to predict potential
compounds that could be formed. The activity corrections were facilitated through the Davies
method, and the ionic strength was computed by the model. In addition to Mg, the concentrations
of P and other elements were selected according to the characteristics of the raffinate. A pH

range of 7.0 to 12.0 with increments of 0.2 was selected for the operating condition.
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4.2.4 Characterization of the struvite precipitate

The morphology of struvite precipitate was characterized using a JSM-1T500 scanning
electron microscope (SEM) equipped with a backscattered electron (BSE) detector. Prior to
observation, the specimen was affixed to carbon tape and subsequently sputtered with a 7 nm
thick palladium/platinum coating via a 208HR sputter coater (Cressington Scientific Instrument,
England, UK) to improve electron conductivity for enhanced imaging quality.

X-ray diffraction (XRD) analysis was used to characterize the struvite precipitate,
utilizing a Bruker D8 Advance XRD system (Bruker Corporation, USA) outfitted with Cu Ka
radiation. The X-ray tube was operated at 40 kV and 40 mA. Data acquisition covered a 20 range
from 10° to 70°, with a scanning velocity of 2° per minute. Peak analysis was conducted using
MDI Jade 6.0 software, referencing the PDF-2 database provided by the International Center for
Diffraction Data (ICDD).

4.3 Results and discussion

4.3.1 Biocrudes characterization

Elemental concentrations of the biocrudes are presented in Table 4.1. The concentration
of total REEs (TREES) is 6.44 mg/L with 3.05 mg/L light REEs (LREES) and 3.39 mg/L heavy
REEs (HREES). Y, La, Ce, and Dy are the only four REEs that are contained in the biocrudes
with the concentrations of 1.59 mg/L, 1.53 mg/L, 1.54 mg/L, and 1.78 mg/L, respectively. It was
reported by Li and Zhang that the grass was fed with a solution containing each Y, La, Ce, and
Dy of 50 mg/L once every two days, and the grass leaves were harvested after 14 days of growth.
The grass leaves accumulated 503.4 mg/kg of these four REEs (Li and Zhang 2024). Therefore,
only Y, La, Ce, and Dy were transferred from the grass leaves into biocrudes using MHTC
process. Additionally, it was also found that biocrudes contained several other metals, such as
114.22 mg/L Mg, 1.32 mg/L Al, 145.23 mg/L Ca, 7.52 mg/L Fe, 2.62 mg/L Mn, and 2.56 mg/L

Zn. The concentrations of nutrient elements, including P and K, were 417.78 mg/L and 2223.46
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mg/L, respectively. Considering nutrient elements play a crucial role in the growth, development,
and stress tolerance of plants, biocrudes possess the capability to serve as a feedstock for nutrient

element recovery (Kirkby 2023).

Table 4.1 Elemental concentrations (mg/L) of the biocrudes.

Mg Al Si P K Ca Ti Fe Mn Cu
11422 1.32 58.27 41748 2223.46 145.23 0.59 7.52 2.62 0.84
Zn Sr Ba TREEs LREEs HREEs Y La Ce Dy

2.56 0.43 0.19 6.44 3.05 3.39 1.59 1.53 1.54 1.78

Note: TREEs, LREEs, and HREES represent total, light (La, Ce, Pr, Nd, and Sm), and heavy (Y,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) REEs, respectively.

4.3.2 Extraction of rare earth elements

Solvent extraction is commonly employed for the generation of mixed rare earth
solutions or the separation of individual rare earth elements (Xie et al. 2014). In the process of
extraction, parameters including organic extractant types, extractant concentration, A/O ratio,
and pH, are crucial to be investigated (Dashti et al. 2021). Among all these factors, pH,
extractant concentration, and A/O ratio were explored in the following. In terms of extractant
types, many literatures reported that D2EHPA was a prominent organic extractant in the
separation of REEs (Gergoric et al. 2017; Khaironie et al. 2014; Kumari et al. 2019; Wu et al.
2018). Therefore, D2EHPA was selected as an organic extractant to recover REEs from

biocrudes in this study.

4.3.2.1 Effect of pH

D2EHPA, possessing a cationic nature, facilitates the extraction of REEs through the
substitution of hydrogen ions with metal ions (Kumari et al. 2019). The extraction efficiency of

REEs using D2EHPA is significantly influenced by the pH of the aqueous phase (Mohammadi et
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al. 2015). The alternations of pH influence the ionization state of D2EHPA, thus influencing the
extraction efficiency of the process (Borai et al. 2016). The effect of pH on the extraction of
REEs and metals from biocrudes was investigated using 0.1 mol/L D2EHPA at a fixed A/O ratio
of 1/1. As shown in Figure 4.1(a), at a pH value of 1.0, the extraction efficiencies of HREEs, Y
and Dy, were 95.9% and 84.4%, respectively. However, the extraction efficiencies of the LREEs,
La and Ce, were 4.3% and 5.2%, respectively. D2EHPA shows preferential extraction of HREES
over LREEs (Battsengel et al. 2018). Compared to LREEs, HREEs have a smaller ionic radius
and higher charge density, resulting in the formation of more stable complexes with the acidic
form of D2EHPA (Wehbie et al. 2017). Therefore, HREEs have greater extraction efficiency
compared to LREEs. Wu et al. found that 89.4% of HREEs were extracted from wet-process
phosphoric acid (WPA) containing REEs under the optimum conditions of 1.0 mol/L D2EHPA
at a fixed ratio of 1/1 (Wu et al. 2018). When increasing the pH value from 1.0 to 3.0, the
extraction efficiencies of La and Ce enhanced significantly from around 5% to over 95%. The
extraction efficiency of Y, La, Ce, and Dy, reached nearly 100%. As the pH value increased, the
protonation of D2EHPA decreased, which flavored the formation of extractable REE complexes,
thus improving their solubility in the organic phase. With a further increase in pH from 3.0 to 7.0,

the extraction efficiencies of REEs remained almost unchanged.
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Figure 4.1 Effect of pH on the extraction of REEs (a) and other metals (b).

Figure 4.1(b) illustrates the impact of pH on the extraction of the main metals from the
biocrudes, conducted with 0.1 mol/L D2EHPA at an A/O of 1/1. It can be observed that at a pH
value of 1.0, the extraction efficiencies of the main metals were below 5%. With the
enhancement of pH values from 1.0 to 3.0, there were significant increases in extraction
efficiencies of Al, Ca, Fe, Mn, and Zn. There was a negligible increase in Mg extraction in the
pH range from 1.0 to 3.0. Compared to other metals, Mg requires a higher pH for the formation
of stable and extractable complexes with D2EHPA (Guimarées et al. 2020). Therefore, the
extraction efficiency of Mg remained relatively stable with the increase in pH values from 1.0 to
3.0 and increased significantly from 7.6% to 86.3% after enhancing pH from 3.0 to 4.0. Nearly
100% of Zn was recovered from biocrudes at a pH value of 4.0. Organophosphorous extractants,
such as D2EHPA and 2-ethylhexyl phosphonic acid mono-2-ethyl hexyl ester (PC88A), were
found extensive usage in the extraction of Zn from chloride and sulfate media (Deep and de
Carvalho 2008; El Dessouky et al. 2008). In addition, compared to other main metals, the
extraction efficiency of Fe was relatively low. The highest extraction efficiency of Fe was 55.8%.

Fe(l1l) can be easily extracted using D2EHPA at a low pH value, but Fe(ll) is hardly extracted
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(Azizitorghabeh et al. 2017; Li et al. 2015; Majima et al. 1985). Therefore, Fe ions existed as
both Fe(l11) and Fe(Il) in biocrudes.

Overall, based on the aforementioned discussion and considering economic factors, a pH
value of 3.0 was selected as the preferred operating condition for maximizing REE extraction
from biocrudes. Meanwhile, 75.1% Al, 81.2% Ca, 54.5% Fe, 61.5% Mn, and 85.3% Zn were co-

extracted from biocrudes under this condition.

4.3.2.2 Effect of D2EHPA concentration

D2EHPA concentration is crucial in REE extraction process (Battsengel et al. 2018).
During the extraction, the complexation capacity of D2EHPA with metal ions, extraction
equilibrium, and selectivity are influenced by alternations in D2EHPA concentration, thus
affecting the extraction efficiencies of REEs and metals from biocrudes (Kumari et al. 2019;
Mohammadi et al. 2015; Ren et al. 2007). Figure 4.2 elucidates the effect of D2EHPA
concentrations, spanning from 0.01 mol/L to 0.2 mol/L, on the extraction efficiencies of REEs
and main metals from biocrudes. During the extraction process, the pH was maintained at 3.0,
and the A/O ratio was consistently held at 1/1. As can be seen from Figure 4.2(a), elevating the
D2EHPA concentration from 0.01 mol/L to 0.05 mol/L significantly augmented the extraction
efficiencies of La and Ce from 29.6% and 65.6% to 90.2% and 94.8%, respectively. The
incremental increase in concentrations from 0.5 mol/L to 2 mol/L had a negligible impact on the
extraction efficiencies of La and Ce. However, 96.7% of Y and 88.5% of Dy were extracted
when using 0.01 mol/L D2EHPA during the extraction process, and negligible increases were
observed with further concentration increments to 0.2 mol/L. As mentioned in Section 3.2.1,
compared to LREEs, D2EHPA demonstrates a higher selectivity for extracting HREES, which
explains the lower initial extraction efficiencies of La and Ce as compared to Y and Dy when
using 0.01 mol/L D2EHPA. The extraction efficiencies for Y, La, Ce, and Dy exceeded 90%

with an increase in D2EHPA concentration to 0.05 mol/L. This improvement is attributed to the
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higher availability of extractant molecules at elevated D2EHPA concentrations, facilitating

greater REE binding and subsequent extraction from biocrudes (Wilson et al. 2014).
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Figure 4.2 Effect of D2EHPA concentration on the extraction of REESs (a) and metals (b).

The D2EHPA concentration also exerts a pivotal influence on the extraction efficiencies
of other main metals in biocrudes (Figure 4.2(b)). 33.7% Fe and 58.1% Zn were co-extracted
using 0.01 mol/L D2EHPA as the extractant. Few other main metals, including Mg, Al, Ca, and
Mn, were co-extracted under this condition. At low concentrations of D2EHPA, the limited
availability of extractant molecules resulted in reduced extraction efficiencies of main metals
from the biocrudes. With increasing D2EHPA concentration from 0.01 mol/L to 0.05 mol/L, the
extraction efficiencies of main metals except for Mg enhanced significantly.

To optimize the extraction of REEs from biocrudes, a D2EHPA concentration of 0.05
mol/L was identified as the optimal operating condition. However, most contaminants, including
Al, Ca, Fe, Mn, and Zn, were co-extracted under this condition, which were considered to be

separated from REES using a subsequent scrubbing step (Section 3.3) (Ding et al. 2015).
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4.3.2.3 Effect of A/O ratio

Previous research investigated that the A/O ratio was a critical parameter in the extraction
process, significantly influencing solvent capacity and extraction equilibrium, and thereby
directly affecting the extraction efficiency (Chen et al. 2021; Jung et al. 2008). Figure 4.3
elucidates the impact of A/O ratio on the extraction of REEs and main metals from biocrudes
using 0.05 mol/L D2EHPA at a pH 3.0. The increment in the A/O ratio from 1:5 to 1:1 exerted a
negligible influence on the extraction efficiencies of REEs (Figure 4.3(a)). As further elevating
the A/O ratio to 5:1, there was a remarkable decline in the extraction efficiencies of REEs. With
the increase in A/O ratios, fewer extractant molecules are available to bind with REES, resulting
in a decrease in REE extraction efficiency. In addition, an increased A/O ratio implies a decrease
in interfacial area and mass transfer between aqueous and organic phases, thus leading to a

decrease in REE extraction kinetics and efficiency.
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Figure 4.3 Effect of A/O ratio on the extraction of REEs (a) and metals (b).

During extraction process, the impact of A/O ratio on the extraction efficiencies of main
metals in biocrudes was also investigated. According to Figure 4.3(b), the extraction efficiencies

of Zn, Ca, Al, and Mn show no significant changes as the A/O ratio was adjusted from 1:5 to 1:1.
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However, there were sharp decreases in extraction efficiencies of these metals when further
increasing the A/O ratio from 1:1 to 2:1. A/O ratio adjustments had a minimal impact on the Mg
extraction. The extraction efficiencies of Mg decreased slightly from 13.7% to 1.3% with an
increasing A/O ratio from 1:5 to 1:1. In terms of Fe, a gradual decrease in its extraction from
75.2% to 0.6% was observed with an elevation in the A/O ratio from 1:5 to 5:1. Considering the
nearly complete extraction of REEs, the A/O ratio of 1/1 was optimal and selected for
subsequent experiments.

In conclusion, around 95% of REEs were extracted from biocrudes when using 0.05
mol/L D2EHPA as the extractant with an A/O ratio of 1:1 at pH 3.0. This phenomenon indicated
that D2EHPA was also an efficient extractant in recovering REEs from biocrudes, as evidenced
by the high recovery of REEs and low consumption of the organic extractant. The assumption of
only using D2EHPA as an efficient organic extractant for REE recovery was found to exert
minimal influence on REE extraction from biocrudes. In addition, 75.1% of Al, 81.2% of Ca,
54.5% of Fe, 61.5% of Mn, and 81.3% of Zn were co-extracted from biocrudes under this
optimized condition. Nearly 100% of Mg remained in the aqueous phase after the extraction

process.

4.3.3 Impurity removal

After the extraction step, around 95% of REEs were transferred to the organic phase.
However, this phase was also loaded with impurities due to the co-extraction. The presence of
these impurities, such as trivalent metal ions (AI** and Fe®"), tends to chelate with precipitant in
the following precipitation stripping step, leading to an increment in precipitant consumption and
a reduction in product purity (Zhang and Honaker 2020; Zhang and Noble 2020b). In addition, in
order to obtain high purity REE products, impurities co-extracted with REEs in the organic phase,
such as Al, Ca, Fe, Mg, and Zn, were all considered to be removed. Previous studies indicated

that impurities in the loaded organic phase could be effectively removed through scrubbing with
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deionized water (Lv et al. 2023; Zhang et al. 2020). Therefore, deionized water was employed as
the scrubbing agent.

The REE-loaded organic phase underwent a scrubbing process using deionized water at
an A/O ratio of 1:1. As can be seen from Table 4.2, over 98% of Al, Ca, Fe, Mn, and Zn were
effectively removed from the organic phase into the scrubbing raffinate. However, 96.3% of four
REEs, including Y, La, Ce, and Dy, were retained in the organic phase. Therefore, deionized
water was considered as an appropriate scrubbing agent for removing impurities from the REE-

loaded organic phase.

Table 4.2 Scrubbing efficiency from the REE-loaded organic phase using deionized water.
Al Ca Fe Mn Zn Y La Ce Dy
S/% 98.7 98.6 99.2 98.9 99.8 3.8 4.6 35 3.2

4.3.4 Precipitation stripping

Precipitation stripping was employed to precipitate metal ions from a solution as solid
compounds through the application of a stripping agent (Palden et al. 2019). In the process of
precipitation stripping, oxalic acid concentration, precipitation time, and phase ratio were
identified as different variables influencing the precipitation of REEs. Jorjani found that
compared to oxalic acid concentration, precipitation time and phase ratio exerted negligible
influences on the REE precipitation (Jorjani and Shahbazi 2016). Therefore, precipitation
stripping of the REE-loaded organic phase obtained after scrubbing process was performed using
oxalic acid with an A/O ratio of 1:1 at pH 2.5 by continuous mixing for 60 min (Dewulf, Riano,
and Binnemans 2022; Jorjani and Shahbazi 2016).

The efficacy of oxalic acid concentrations, ranging from 0.005 to 0.1 mol/L, was
investigated for the production of high purity REE oxalate. As shown in Figure 4.4, elevating the

oxalic acid concentration from 0.005 mol/L to 0.01 mol/L led to a significant enhancement in the
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precipitation efficiency of four REEs. A concentration of 0.01 mol/L oxalic acid achieved
precipitation of over 97% of REEs, while concentrations above 0.01 mol/L had a minimal impact
on further precipitation. Consequently, 0.01 mol/L was determined to be the optimal oxalic acid
concentration. The result showed almost 100% of REEs were finally precipitated under
optimized conditions, which was a desired outcome. Therefore, if the assumption of neglecting
the influences of precipitation time and phase ratio on REE precipitation was incorrect, it would
also not exert a significant influence on the final result. In addition, the produced precipitate was
digested for elemental analysis, and the result indicated REE oxalates were obtained with a

purity of over 97%.
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Figure 4.4 Effect of oxalic acid concentration on REE precipitation.

4.3.5 Struvite precipitation

The use of struvite precipitation is a common method for recovering nutrient elements,
including nitrogen(N), P, and Mg, from liquid waste streams (Krishnamoorthy et al. 2021). In
addition, struvite containing nutrients is a valuable fertilizer that is vital for plant growth (Ahmed

et al. 2018). Almost 100% of P was retained in the raffinate following the extraction process.
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Therefore, struvite precipitation was considered a sustainable method for the management of the
raffinate obtained after the process of extraction. The effects of pH and Mg/P molar ratio on the

recovery of P from the raffinate were examined in the following sections.

4.3.5.1 Effect of pH

Figure 4.5(a) delineates the impact of pH on P recovery from the raffinate obtained after
the extraction step at a fixed Mg/P ratio of 1. P recovery increased from 62.6% to 93.9% with the
increase in pH value from 7.0 to 9.0. A negligible increase was observed as the pH value
escalated from 7.0 to 9.0. However, when further increased pH from 10.0 to 12.0, P recovery
decreased from 95.3% to 72.4%. With increasing the pH from 10.0 to 12.0, the concentration of
OH- ions increased. Enhanced OH- competed with phosphate ions for binding with Mg?*,
resulting in the precipitation of Mg(OH). and thus a decrease in P recovery (Stratful et al. 2001).
These findings were consistent with prior work according to struvite precipitation from
wastewater at different pH values (Zhou et al. 2015). In general, pH 9.0 represents the optimal
condition for P recovery from the raffinate achieved after the extraction process.

Figure 4.5(b) shows the speciation of phosphate in solution, maintaining a constant Mg/P
molar ratio of 1. Kumari and Bhuiyan found that Mg predominantly exists as Mg?* ions to form
complexes with other components in wastewater (Bhuiyan et al., 2007; S. Kumari et al., 2019).
NH4" concentration decreased as the pH value increased due to the conversion of NH4* to NH3 at
rising pH (D. Zhang et al., 2012). Figure 4.5(b) illustrates that HoPO4 and HPO.* are the
prevalent phosphate species within the pH range of 7.0 to 10.0. However, as increasing the pH
value from 10.0 to 12.0, an increase in the concentration of PO4% was observed. Additionally, the
analysis from pH 8.0 to 11.0 demonstrates a predominance of HPO4> over H,PO4s and PO4*,
suggesting that in this specific pH range, the formation of struvite is optimally facilitated. This
observation is elaborated upon in Equation (4.5), which describes the chemical mechanism

underlying struvite crystallization under the above mentioned conditions.
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Mg?* + NH,* + HPO,>™ + 6H,0 — MgNH,P0, - 6H,0 + H* (4.5)

Considering maximizing the recovery of P, a pH value of 9.0 was selected as the

preferred condition. In addition, the formation of struvite precipitate at pH 9.0 follows Equation

(4.5).
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Figure 4.5 Effect of pH on the recovery of P (a); Species distribution of phosphate in the

raffinate after the solvent process with a Mg/P ratio of 1 as a function of pH at 25 °C (b).

4.3.5.2 Effect of Mg/P molar ratio

The Mg/P molar ratio directly affects the stoichiometry and efficiency of the struvite
precipitation reaction (Rahaman et al. 2008). The impact of the Mg/P molar ratio on the P
recovery was investigated at a fixed pH value of 9.0. Figure 4.6 shows that P recovery escalates
from 46.3% at Mg/P = 0.2 to 94.4% at Mg/P = 1.5, beyond which the recovery plateaued for
ratios exceeding 1.5. Increased Mg/P molar ratio led to the enhanced availability of Mg?* for
struvite precipitate formation. At a Mg/P molar ratio of 2.0, nearly all phosphate ions in the

solution were reacted, and further addition of Mg?* did not contribute to higher P recovery.
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In summary, an optimal recovery of 94.4% of P from the raffinate obtained after the
extraction process was achieved by forming struvite precipitate at pH 9.0 with a Mg/P molar

ratio of 1.5.
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Figure 4.6 Effect of Mg/P molar ratio on the recovery of P.

4.3.5.3 Struvite precipitate characterization

Figure 4.7(a) is the SEM image of the precipitate. The shape of the precipitate showed
wedges and short columns, which agree with the typical shape of the struvite (Li et al. 2020). In
addition, the XRD pattern of the precipitate is shown in Figure 4.7(b). Using Jade 6.0 software to
analyze the XRD pattern, it clearly showed that diffraction peaks of the precipitate aligned with
the standard patterns of struvite (PDF#15-0762), Mgs3(POs4). (PDF#71-1164), and
MgHPO4-3H20 (PDF#01-0579). During the process of struvite precipitation, trace amounts of
Mgs(POa4)2 and Mgs(POa)2 were simultaneously generated with struvite precipitate (Tansel et al.

2018).
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Figure 4.7 The structural characterization of the precipitate: SEM image (a); XRD pattern (b).

4.3.6 Flowsheet description

This study proposed a process flowsheet for the process of biocrudes is proposed in
Figure 4.8 aiming at recovering REEs and producing struvite precipitate from biocrudes. As
shown in Figure 4.8, 0.05 mol/L D2EHPA was used to extract REEs from biocrudes at pH 3.0
with an A/O ratio of 1:1. 95.6 % of REEs were extracted from biocrudes during this step. A
majority of other impurities, including Al, Ca, Fe, Mn, and Zn, were also co-extracted with REEs,
while Mg and P were retained in the raffinate. Deionized water was used as the scrubbing agent
to separate other impurities from REEs. After the scrubbing step, over 98% of impurities were
removed into the scrub raffinate, and over 96% of REEs were retained in the organic phase. The
REE-loaded organic phase was subsequently subjected to the precipitation stripping step. Over
97% of REEs were precipitated into REE oxalates with the utilization of 0.01 mol/L oxalic acid.
With the addition of MgClz, 94.4% of P in the raffinate was recovered to form struvite

precipitate at pH 9.0 with a Mg/P molar ratio of 1.5. In addition, it was found that almost all of
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the organic carbon in biocrudes was water soluble and was retained in aqueous phases after

extraction and struvite precipitation steps (Table 4.3).

REE: 95.0%
Al 75.1%

Ca: 81.2%

Fe:54.5%  Scrubraffinate  A] ca, Fe. Mn. Zn: 98.0%
Mn: 61.5%  A] Ca, Fe, Mn, Zn

D2EHPA Zn: 81.4% A
1 Organic i

. 1 Extraction phase Scrubbing

s _*_b REEs, Mg, Al,  ==————p REEs Al Ca, <----- Deionized water
Biocrudes containing Ca, Fe, Mn, 7Zn, P Fe, Mn, Zn
Etﬁz;’l?l:liﬁlsé;;d Mg: 99.9% Raffinate REE- 96.3% Organic phase
; P: 99.9% Mg, P Rt REEs
- Precipitation
MgCl, j————- - Pl‘e;/l[plt;tlﬂ[l stripping A===== Oxalic acid
= REEs
) Struvite precipitate High Purity .
P: 94.4% MgNH, PO, -6H,0 REE products REE: 97.0%

Figure 4.8 Flowsheet for REE recovery and struvite precipitate production from biocrudes.

Table 4.3 TOC of the aqueous phase.

_ Raffinate after Raffinate after
Sample Biocrudes ) ) o
extraction struvite precipitation
TOC/mg/L 111.9 109.0 94.21

4.4 Conclusion

Biocrudes obtained from treating REE hyperaccumulators in an acid-mediated MHTC
system contains 6.44 mg/L REEs, 417.48 mg/L P, and other elements, which was a promising
resource for valuable element recovery. The effect of pH, D2EHPA concentration, and A/O ratio

on REE recovery from biocrudes was investigated during the extraction process. 95.6% of REEs
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were extracted using 0.05 mol/L D2EHPA with an A/O ratio of 1:1 at pH 3.0, while 75.1% of All,
81.2% of Ca, 54.5% of Fe, 61.5% of Mn, and 81.3% of Zn were co-extracted with REEs into the
organic phase.

In order to produce high purity REE products, deionized water was applied as a
scrubbing agent to separate REEs from impurities from the organic phase. After the scrubbing
step, over 98% of these impurities were removed from the organic phase, while over 96% of
REEs were retained. Ultimately, precipitation stripping experiments with different oxalic acid
concentrations were employed to maximize REE recovery. Over 97% of REEs were precipitated
into REE oxalates using 0.01 mol/L oxalic acid as the stripping agent, and REE oxalates were
obtained with a purity of over 97%.

Contrary to REEs, P remains solubilized in the raffinate after the extraction process. The
effect of pH and Mg/P ratio on P recovery was investigated, and P was precipitated into struvite
during this process. SEM revealed that the precipitate showing wedges and short columns was
the typical shape of struvite. XRD analysis also revealed that struvite was produced during
struvite precipitation. A process flowsheet was ultimately developed for the treatment of

biocrudes aiming at recovering REEs and P from it into valuable products.
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Chapter 5 Summary and Perspectives

This study investigated a sustainable approach to the treatment of REE
hyperaccumulators. REEs were efficiently extracted from hyperaccumulators using conventional
hydrometallurgy and residual biomass was converted into hydrochar, an energy-rich fuel, with
the application of MHTC. In addition, it was also found MHTC in the presence of acid was an
effective way to extract REEs and produce hydrochar from hyperaccumulators. Solvent
extraction and struvite precipitation were employed to recover REEs and phosphorus from
biocrudes, yielding high-purity REE products and value-added byproducts (struvite). This
research contributes a novel, efficient, and sustainable framework for REE hyperaccumulator
treatment that aligns with circular economy principles by minimizing waste and maximizing
resource reuse. It advances our understanding of employing sustainable methodologies for the
treatment of hyperaccumulators aimed at recovering valuable elements and producing beneficial
byproducts. From the perspective of broader impacts, this study extends well beyond the specific
field of metal recovery, making substantial contributions to environmental sustainability,
economic development, and technological innovation in mineral processing. It not only
addresses the technical challenges associated with REE recovery but also promotes a broader
application of these innovative techniques in resource management and waste reduction.
Perspectives for further improvement:

e Optimize extraction efficiency: Explore alternative, environmentally friendly lixiviants in
conventional hydrometallurgy to efficiently extract REE from hyperaccumulators and
minimize environmental impact. Future dissertations could develop novel syntheses of
biodegradable lixiviants or modify existing ones to improve the leaching efficiency of
REEs.

e Increase selectivity in solvent extraction: Investigate other green organic extractants to

reduce the co-extraction of other impurities in biocrudes and minimize chemical usage. A

80



potential dissertation could focus on the synthesis and testing of new organic extractants,
aiming to achieve high purity levels of REEs.

e Evaluate economic viability and scalability: Conduct a techno-economic analysis to
assess the costs and feasibility of scaling up the process, considering resource availability,
operational costs, and potential environmental benefits. Life-cycle assessments could also
provide insight into the overall sustainability of the proposed methods. Future research
might expand this analysis by incorporating life-cycle assessments to evaluate the
environmental impacts throughout the entire process, from material sourcing to end-
product disposal, thereby providing a holistic view of the sustainability of the methods.

e Apply this work to other elements: Extend the research framework to include the
recovery of other critical and valuable elements from contaminated sites, such as heavy
metals or transition metals, which can also be economically valuable and environmentally
hazardous. A subsequent dissertation could apply the methods developed in this study to
treat other elements-containing hyperaccumulators to extract these elements efficiently

and derive value-added products.
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