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Abstract

Nutrient-poor soils are typically characterized by low nutrient content and poor
water retention. Typical examples include saline-alkali soil, phosphogypsum-covered
soil, and desert soil. In this study, we employed corresponding strategies for these three
soil types: salt-tolerant polymers, natural biocrusts, and clay-based artificial biocrusts.
Our aim was to explore feasible approaches for enhancing water retention and carbon
sequestration. Simultaneously, we investigated the interactions between inorganic (e.g.,
clay, phosphogypsum, salinity, pH) and organic (e.g., polymers, microorganisms, soil
organic carbon) constituents. By leveraging these interactions, we seek to trigger a
synergy that delivers more effective restoration than any single method.

Chapter II: Improving soil water retention is an effective strategy for mitigating
soil salinization. Superabsorbent polymers (SAPs), known for their strong water
absorption capacity, are widely used as water-retaining agents in agriculture. However,
their limited salt tolerance restricts their application in saline-alkali soils. To address
this limitation, this study aimed to develop a salt-tolerant superabsorbent polymer (ST-
SAP) suitable for use in high-salinity environments. ST-SAP was synthesized using 2-
acrylamide-2-methylpropanesulfonic acid (AMPS), acrylic acid (AA), and acrylamide
(AM) and was evaluated through swelling and reswelling experiments. The salt-
tolerance mechanism of ST-SAP was spectroscopical analyzed using X-ray
photoelectron (XPS) and Fourier transform infrared (FT-IR); the analyses were
completed by computed tomography (CT). To assess its effectiveness in highly saline
soil, ST-SAP was tested in soil samples collected from Lop Nur, Xinjiang, which
contained 18.13 wt% total dissolved salts. The synthesized ST-SAP demonstrated
outstanding swelling capacity (69.04 g/g) under high-salinity conditions. Notably, its
exceptional stability in saline environments was attributed to the complexation reaction
between Ca?" and its three hydrophilic functional groups (R-SOsH, R-COOH, and R-
CONH.). Furthermore, the addition of 2 wt% ST-SAP to saline-alkali soil extended the
water retention period to 28 days, confirming its effectiveness in improving soil water
retention under high-salinity conditions.

Chapter I11:

Chapter 1V: Artificial biocrusts serve as essential carbon pools in mitigating
desertification. However, most research has primarily focused on microbial
communities, overlooking the influence of clay minerals on the biocrust carbon pump.
This study constructed clay-based artificial biocrusts to examine the role of clay
minerals in soil organic carbon (SOC) accumulation. Montmorillonite (MMT) and
Microcoleus vaginatus were co-inoculated, and key SOC-related parameters were
measured, including microbial biomass carbon, SOC content, and chlorophyll a (Chl-
a). The results showed that by day 84, SOC levels in the MMT-algae groups (=1.4 g
dm™) were more than 3.45 times higher than in the algae-only group, with 1.4 g dm™
identified as the optimal MMT dosage. Additionally, MMT significantly promoted
microbial growth and enhanced SOC stability, with microbial proliferation identified
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as the primary mechanism driving SOC accumulation. Moreover, MMT favored the
proliferation of photosynthetically active microorganisms. These findings suggest that
MMT can act as an accelerator of the microbial carbon pump in artificial biocrust
development, offering a viable approach and solid theoretical foundation for the rapid
restoration of desertified landscapes.

Chapter V: Biocrusts serve as the primary reservoirs of organic carbon in desert
environments, with inorganic clays potentially playing a crucial role in this process.
However, the specific mechanisms underlying their influence remain largely
unexplored. This study investigated the effects of two typical clay minerals, e.g., kaolin
(1:1 type) and montmorillonite (2:1 type), on SOC accumulation in artificial biocrusts.
After 84 days of cultivation, both kaolin and MMT significantly enhanced SOC levels,
increasing them by 5.03-fold and 4.08-fold, respectively, compared to the Algae group
(without added clay). Notably, the two clay types exhibited distinct advantages in SOC
accumulation. Due to its larger external specific surface area and higher cation
exchange capacity, MMT played a greater role in SOC stabilization. In the MMT group,
the mineralization quotient (qM), hot-water extractable organic carbon (HWEOC), and
molecular structural stability of SOC were 0.3, 0.34, and 1.31 times those of the Algae
group, respectively, indicating improved SOC stability. In contrast, kaolin promoted
microbial growth and SOC formation more effectively, likely due to its higher dissolved
organic carbon (DOC) content. Microbial biomass carbon (MBC), Chl-a,
photosynthetic performance index (Plags), and Shannon diversity index in the kaolin
group were 5.67, 2.44, 11.95, and 1.82 times higher than those in the Algae group,
respectively. These findings highlight the synergistic role of clay minerals and
cyanobacteria in SOC accumulation within artificial biocrust systems, clarify the
distinct contributions of kaolin and MMT, and provide new insights for accelerating
the rehabilitation of nutrient-poor desert landscapes.

The above results indicate that ST-SAP significantly enhances the water retention
capacity of saline—alkali soil. Natural biocrusts and clay-based artificial biocrusts
notably promote carbon sequestration in phosphogypsum stockpiles and desert soils,
respectively. This study provides effective strategies and theoretical foundations for
improving water retention and carbon sequestration in nutrient-poor soils.

Keywords: Nutrient-poor soils; Salt-alkali soils; Salt-tolerant superabsorbent
polymer; Phosphogypsum; Biocrusts; Clays; Soil organic carbon; Desert

Resumen

Los suelos pobres en nutrientes se caracterizan tipicamente por su bajo contenido
de nutrientes y su escasa capacidad de retencion de agua. Ejemplos representativos de
estos suelos son el suelo salino-alcalino, el suelo cubierto de fosfoyeso y el suelo
desértico. En este estudio, empleamos estrategias especificas para estos tres tipos de
suelo: polimeros tolerantes a la sal, costras bioldgicas naturales y costras biologicas
artificiales basadas en arcilla. Nuestro objetivo fue explorar métodos viables para
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mejorar la retencion de agua y el secuestro de carbono. Al mismo tiempo, investigamos
las interacciones entre los componentes inorgéanicos (p. €j., arcilla, fosfoyeso, salinidad,
pH) y los componentes organicos (p. €j., polimeros, microorganismos, carbono
organico del suelo). Al aprovechar estas interacciones, buscamos generar una sinergia
que permita una restauracion mas efectiva que la alcanzada mediante cualquier método
individual.

Capitulo II:Mejorar la retencion de agua en el suelo es una estrategia efectiva para
mitigar la salinizacion del suelo. Los polimeros superabsorbentes (SAP), conocidos por
su fuerte capacidad de absorcion de agua, se utilizan ampliamente como agentes
retenedores de agua en la agricultura. Sin embargo, su tolerancia limitada a la sal
restringe su aplicacion en suelos salino-alcalinos. Para abordar esta limitacion, este
estudio tuvo como objetivo desarrollar un polimero superabsorbente tolerante a la sal
(ST-SAP) adecuado para su uso en ambientes de alta salinidad. EI ST-SAP se sintetiz6
utilizando 4cido 2-acrilamido-2-metilpropanosulfénico (AMPS), 4cido acrilico (AA) y
acrilamida (AM), y se evalu6 mediante experimentos de hinchamiento y re-
hinchamiento. El mecanismo de tolerancia a la sal del ST-SAP se analizd6 mediante
espectroscopia fotoelectronica de rayos X (XPS), espectroscopia infrarroja por
transformada de Fourier (FT-IR) y tomografia computarizada (TC). Para evaluar su
eficacia en suelos altamente salinos, se probd el ST-SAP en muestras de suelo
recolectadas en Lop Nur, Xinjiang, China, que contenian un 18.13% en peso de sales
totales disueltas. El ST-SAP sintetizado demostréo una capacidad de hinchamiento
sobresaliente (69.04 g/g) en condiciones de alta salinidad. Cabe destacar que su
excepcional estabilidad en ambientes salinos se atribuyo6 a la reaccion de complejacion
entre el Ca*" y sus tres grupos funcionales hidroéfilos (R-SOsH, R-COOH y R-CONHz).
Ademas, la adicion de un 2% en peso de ST-SAP al suelo salino-alcalino extendi6 el
periodo de retencién de agua a 28 dias, confirmando su eficacia para mejorar la
retencion de agua del suelo en condiciones de alta salinidad.

Capitulo III: El acumulamiento de fosfoyeso plantea riesgos ecologicos
significativos para el medio ambiente circundante. La rehabilitacion ecoldgica in situ
impulsada biologicamente representa un enfoque de restauracion ecoldgico. Las costras
bioldgicas juegan un papel irreemplazable en la recuperacion ecologica de ambientes
degradados, pero reciben menos atencion en el contexto del fosfoyeso. Este estudio
empled investigaciones de campo en acumulados o montones de fosfoyeso de diferentes
afios de almacenamiento con capas de costras biologicas y capas de fosfoyeso. Se
observd que después de 12 afios, los montones de fosfoyeso se cubrieron
completamente con costras bioldgicas, lo que indica la colonizacion y estabilizacion
exitosa de costras biologicas en las superficies de fosfoyeso. Para explorar las
interacciones entre el fosfoyeso y las costras bioldgicas, se recolectaron muestras y se
sometieron a analisis fisicoquimicos. Los resultados experimentales demostraron que
el tamafio de particula fino (<100 um), el abundante fosforo disponible y los iones de
calcio intercambiables en el fosfoyeso proporcionan condiciones favorables para la
formacion y desarrollo de costras bioldgicas. Por el contrario, las interacciones
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fosfoyeso-costra bioldgica mejoran los procesos microbianos del ciclo de nutrientes,
particularmente el ciclo del carbono, lo que finalmente conduce a mejoras significativas
en las propiedades fisicoquimicas de la superficie del montones de fosfoyeso.
Especificamente, el C organico del suelo aumentd en un 175.28%, el pH aument6 de
3.4 a 5.6,y el contenido de fluoruro soluble disminuy6 al 14.2% de su nivel original.

Capitulo IV: Las costras biologicas artificiales sirven como pools de carbono
esenciales para mitigar la desertificacion. Sin embargo, la mayoria de las
investigaciones se han centrado principalmente en las comunidades microbianas,
pasando por alto la influencia de los minerales arcillosos en la bomba de carbono de las
costras bioldgicas. Este estudio construyd costras biologicas artificiales basadas en
arcilla para examinar el papel de los minerales arcillosos en la acumulacion de carbono
organico del suelo (SOC). Se coinocularon montmorillonita (MMT) y Microcoleus
vaginatus, y se midieron parametros clave relacionados con el SOC, incluyendo el
carbono microbiano de la biomasa, el contenido de SOC y la clorofila *a* (Chl-*a*).
Los resultados mostraron que para el dia 84, los niveles de SOC en los grupos MMT-
algas (>1.4 g dm) fueron mas de 3.45 veces superiores a los del grupo solo con algas,
identificandose 1.4 g dm2 como la dosis optima de MMT. Adicionalmente, la MMT
promovi6 significativamente el crecimiento microbiano y mejord la estabilidad del
SOC, identificandose la proliferaciéon microbiana como el mecanismo principal que
impulsa la acumulacion de SOC. Ademas, la MMT favoreci6 la proliferacion de
microorganismos fotosintéticamente activos. Estos hallazgos sugieren que la MMT
puede actuar como un acelerador de la bomba de carbono microbiana en el desarrollo
de costras biologicas artificiales, ofreciendo un enfoque viable y una base teorica solida
para la restauracion rapida de paisajes desertificados.

Capitulo V: Las costras biologicas sirven como los reservorios primarios de
carbono organico en ambientes desérticos, donde las arcillas inorgénicas podrian
desempefiar un papel crucial en este proceso. Sin embargo, los mecanismos especificos
que subyacen a su influencia permanecen en gran medida inexplorados. Este estudio
investigd los efectos de dos minerales arcillosos tipicos: caolin (tipo 1:1) y
montmorillonita (tipo 2:1), sobre la acumulacion de SOC en costras biologicas
artificiales. Después de 84 dias de cultivo, tanto el caolin como la MMT mejoraron
significativamente los niveles de SOC, aumentdndolos en 5.03 y 4.08 veces,
respectivamente, en comparacion con el grupo algas (sin arcilla afiadida). Cabe destacar
que los dos tipos de arcilla exhibieron ventajas distintas en la acumulacion de SOC.
Debido a su mayor area superficial externa y mayor capacidad de intercambio catidnico,
la MMT jugd un papel mas importante en la estabilizacion del SOC. En el grupo MMT,
el cociente de mineralizacion (qM), el carbono organico extraible con agua caliente
(HWEOC) y la estabilidad estructural molecular del SOC fueron 0.3, 0.34 y 1.31 veces
los del grupo algas, respectivamente, lo que indica una estabilidad mejorada del SOC.
Por el contrario, el caolin promovi6 el crecimiento microbiano y la formaciéon de SOC
de manera mas efectiva, probablemente debido a su mayor contenido de carbono
organico disuelto (DOC). El carbono microbiano de la biomasa (MBC), la Chl-a, el
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indice de rendimiento fotosintético (PIABS) y el indice de diversidad de Shannon en el
grupo de caolin fueron 5.67, 2.44, 11.95 y 1.82 veces mayores que los del grupo Algas,
respectivamente. Estos hallazgos resaltan el papel sinérgico de los minerales arcillosos
y las cianobacterias en la acumulacion de SOC dentro de los sistemas de costras
biologicas artificiales, aclaran las contribuciones distintas del caolin y la MMT, y
proporcionan nuevas perspectivas para acelerar la rehabilitacion de paisajes desérticos
pobres en nutrientes.

Los resultados anteriores indican que el ST-SAP mejora significativamente la
capacidad de retencion de agua del suelo salino-alcalino. Las costras bioldgicas
naturales y las costras bioldgicas artificiales basadas en arcilla promueven
notablemente el secuestro de carbono en los montones de fosfoyeso y en los suelos
desérticos, respectivamente. Este estudio proporciona estrategias efectivas y
fundamentos tedricos para mejorar la retencion de agua y el secuestro de carbono en
suelos pobres en nutrientes.

Palabras clave: Suelos pobres en nutrientes; Suelos salino-alcalinos; Polimero
superabsorbente tolerante a la sal; Fosfoyeso; Costras bioldgicas; Arcillas; Carbono
organico del suelo; Desierto
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Chapter 1. Introduction

1.1 Justification

1.1.1 Nutrient-poor soils

Nutrient-poor soils often limit plant growth and ecosystem productivity (Orians
and Milewski, 2007). The main characteristics of nutrient-poor soils are nutrient
deficiency and poor water-holding capacity (Rominger and Meyer, 2019). This study
takes salt-alkali soil, phosphogypsum on phosphogypsum stockpiles, and desert soil as
examples (Figure 1.1).

About 1.13 billion hectares of land suffered from saline-alkali stress in the world,
in which, 60% of the agricultural areas are affected by salinization in Mexico (Zhang
et al., 2022). Saline-alkali stress severely reduces food production and results in $27.3
billion in economic losses per year (Ali et al., 2017). More seriously, saline-alkali land
is still expanding around the world. Soil salinity primarily arises from the accumulation
of various cations, such as sodium (Na"), potassium (K*), calcium (Ca*"), magnesium
(Mg®"). Among these, Na compounds are generally recognized as the dominant
contributors to salinization in most soils (Jat Baloch et al., 2023). The excessive buildup
of Na ions severely interferes with the physiological and metabolic functions of plants
(Hu and Schmidhalter, 2023). Salt stress is widely acknowledged as one of the major
abiotic stresses that hinder plant growth, development, and productivity. High Na levels
can trigger the efflux of intracellular K* and Ca*", thereby disturbing ionic balance and
nutrient uptake, leading to oxidative damage, stunted growth, and even programmed
cell death (Ahanger and Agarwal, 2017). To alleviate this problem, enhancing soil
water retention has been recognized as an effective strategy to mitigate soil salinization
(Q. Cui et al., 2021). Thus, improving soil water retention of saline-alkali soil is a
worldwide challenge.

Phosphogypsum is the primary industrial byproduct of wet-process phosphoric
acid production, with approximately 5 tons of phosphogypsum generated per ton of
phosphoric acid (Bounaga et al., 2022). Over recent decades, the rapid growth in global
population and living standards has significantly increased the demand for food,
thereby accelerating the demand for phosphoric acid. Consequently, phosphogypsum
production has risen rapidly, with annual outputs estimated at 200-250 million tons
(Akfas et al., 2023; Bounaga et al., 2022). However, phosphogypsum has a complex
composition, primarily consisting of Ca sulfate dihydrate, along with substantial
amounts of incompletely decomposed phosphate rock, sulfates, fluorides, and metals,
which make its recycling and treatment challenging (Kijjanapanich et al., 2014; Xiang
et al., 2023). Currently, only about 15% of the annually produced phosphogypsum is
recycled, while the remaining 85% is either stockpiled or discharged into the ocean.
This not only occupies large areas of land but also poses serious ecological threats to
soil, surface water, groundwater, and marine ecosystems (Bilal et al., 2023). In situ
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ecological restoration driven by biological processes is considered the most economical
and environmentally friendly remediation strategy (Bai et al., 2022; Zheng et al., 2022).
However, the high gypsum content, high content of soluble fluorides, and strong acidity
of phosphogypsum make it difficult for plants to grow (Akfas et al., 2023; Barrow and
Hartemink, 2023; Singh et al., 2023).

At present, desertified soils account for more than 21% of the global land area and
for more than 20% of the land area in Mexico (Yang et al., 2023; Schaeffer et al., 2025).
Desert regions have highly fragile ecosystems due to land desertification and
degradation. They suffer from severe biodiversity loss, low vegetation coverage, and a
sharp decline in available water resources, which in turn accelerates the expansion of
desertified areas (Liu et al., 2023). Soil organic carbon (SOC) is fundamental to
sustaining critical biogeochemical processes, making it indispensable for the
rehabilitation of desertified ecosystems (Chen et al., 2023; Satdichanh et al., 2023; Wu
et al., 2023). The activities of microorganisms -including their growth, metabolism, and
decomposition -are key drivers of SOC formation and stabilization (Liang and Balser,
2011; Miltner et al., 2012; H. W. Wu et al., 2024). In recent years, increasing attention
has been directed toward the microbial carbon pump (MCP) concept (Feng and Wang,
2023; Jiao et al., 2024; Zhu et al., 2020). This framework suggests that microbial
communities transform easily degradable organic compounds into more persistent
carbon forms through processes of extracellular modification and intracellular turnover,
thereby promoting long-term SOC sequestration (Liang et al., 2017; Zhang et al.,
2025b). Within arid and desertified regions, biological soil crusts (biocrusts) serve as
integral components of the MCP (Weber et al., 2022; W. Xu et al., 2024). Comprised
of diverse microorganisms, extracellular polymeric substances, and mineral particles,
biocrusts act as ecosystem engineers that enhance stability and functionality in fragile
dryland environments (Cheng et al., 2021; Lan et al., 2014). Hence, biocrusts may help
prevent the worsening of desertification.
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Figure 1.1 (a) Saline-alkali soils. (b) Phosphogypsum stockpiles. (c) Desert

1.1.2 Limitations of existing superabsorbent polymers

Superabsorbent polymers (SAPs) are a kind of polymeric materials distinguished
by the presence of strongly hydrophilic functional groups and a cross-linked three-
dimensional network (Panic et al., 2010; Zhang and Zhang, 2018). This network
architecture endows SAPs with the ability to uptake and retain substantial quantities of
aqueous solutions (Figure 1.2). From a structural perspective, hydrogels are hydrophilic
polymer networks with a high degree of crosslinking and a water absorption capacity
reaching approximately 10 g/g, whereas SAPs can be regarded as lightly cross-linked
hydrogels with significantly enhanced water-absorbing performance (Zhang et al.,
2021). The water retention behavior of SAPs primarily relies on the hydration of polar
functional groups and the osmotic pressure gradient, which together facilitate the
diffusion and retention of water molecules within the polymer network (Berradi et al.,
2023; C. Zhang et al., 2023).
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Figure 1.2 The swelling mechanism of the superabsorbent polymers (SAP) (Berradi et al., 2023)

Owing to their exceptional capacity for water uptake, superabsorbent polymers
(SAPs) began to replace conventional absorbent materials in disposable hygiene
products such as diapers and sanitary pads in the late 1970s. In contrast to traditional
absorbents, SAPs possess markedly enhanced abilities for both water absorption and
retention, rendering them highly versatile functional materials (Santos et al., 2019).
Over the past decades, these polymers have found extensive applications across diverse
sectors, including personal hygiene products, agricultural practices, medical and
healthcare materials, construction and concrete engineering, as well as industrial
wastewater treatment (L1 et al., 2016; J. Liu et al., 2020; Rizwan et al., 2022).

However, SAPs have limited effectiveness in saline-alkali soils due to their poor
salt tolerance (Ahmed, 2015). To enhance the swelling performance of SAPs in saline
conditions, researchers have explored various modifications, including zwitterionic
polymers (Zhang et al., 2021), e.g., zwitterionic polymers (Z. M. Wang et al., 2021),
inorganic materials (Kabiri and Zohuriaan-Mehr, 2003), and interpenetrating polymer
networks (IPNs) (Tally and Atassi, 2015). Despite these efforts, their success remains
constrained, primarily because the additives contribute insufficient hydrophilicity
rather than increasing the material’s crosslinking density (Kabiri et al., 2011, 2010).the
swelling capacity of SAP is significantly constrained by the ionic strength of the
surrounding solution, particularly in the presence of multivalent cations (Olad et al.,
2018; Zhang and Qiao, 2021). However, enhancing the affinity of SAP has been shown
to greatly improve its performance, with the diversity of hydrophilic groups also
playing a crucial role (Ahmed, 2015; Zhang et al., 2021). Studies have established the
hydrophilicity ranking of functional groups as follows: R-SOsH > R-COOH > R-
CONH: > R-OH (Berthold et al., 1996; Zhang and Qiao, 2021). 2-acrylamide-2-
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methylpropanesulfonic acid (AMPS), which contains the highly hydrophilic R-SOsH
group, is widely used as a salt-resistant oil displacement agent in the petroleum industry
due to its low cation-binding tendency (Mohamadian et al., 2019; Cai, 2004; Shubnell
et al., 1994). Meanwhile, acrylic acid (AA) and acrylamide (AM), which feature R-
COOH and R-CONH: groups, respectively, are commonly utilized in gel-based
applications due to their strong hydrophilicity and cost-effectiveness (Ahmed, 2015;
Liu et al., 2018). Therefore, a superabsorbent polymer synthesized using AA, AM, and
AMPS as monomers may enhance the water absorption performance of the material
under high-salinity conditions.

1.1.3 Significance of soil organic carbon in nutrient-poor soils

Soil Organic Carbon (SOC), as a core component of the terrestrial ecosystem
carbon cycle, functions in nutrient-poor soils in a role that extends far beyond that of a
mere carbon source, serving as a key driver in sustaining ecosystem productivity and
nutrient cycling. (Zhang et al., 2025a, 2025b).

Firstly, SOC constitutes a vast, slow-release reservoir of soil nutrients. Essential
elements such as N, P and S, which exist within SOC in various organic forms (e.g.,
humus, microbial biomass carbon, and dissolved organic carbon), can be continuously
and steadily supplied to plants as available nutrients through the process of microbially-
mediated mineralization (Chalchissa and Kuris, 2024; Chen et al., 2023; Li et al., 2023;
Wu et al., 2023). This slow-release pattern not only aligns with the long-term nutritional
requirements of plants but also significantly reduces nutrient losses caused by leaching
or fixation, thereby establishing a more resilient internal nutrient supply system within
impoverished environments.(Witzgall et al., 2021).

Then, SOC profoundly influences nutrient availability and turnover efficiency
through the synergy of its physical, chemical, and biological effects (Zhang et al.,
2025b). At the physical level, SOC acts as a primary soil cementing agent, promoting
the formation of water-stable aggregates (Zhang et al., 2025a). For example, humic
substances in organic carbon can bind with soil particles to form stable aggregates,
increasing soil resistance to erosion (Gerke, 2018). This directly enhances soil pore
structure and water-holding capacity, creating a favorable physical habitat for root
extension and microbial activity (Jinger et al., 2025). At the biochemical level, the
active SOC pool (such as microbial biomass carbon) serves as the "engine" for soil
nutrient transformation (Y. Li et al., 2022). During the decomposition of organic matter,
microorganisms secrete organic acids, chelating agents, and specific enzymes (e.g.,
phosphatases), which effectively activate inherently present, insoluble nutrients like P
and K that are fixed by iron-aluminum oxides or embedded within mineral lattices
(Jinger et al., 2025). This "biological activation" effect is crucial for unlocking the
potential fertility in highly weathered nutrient-poor soils (Oechaiyaphum et al., 2020).
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In nutrient-poor soils, SOC acts as the central nexus coordinating the synergistic
relationship between microbial communities and plant root systems (Fig .1.3) (Huang
et al., 2025; Liang et al., 2017). For microorganisms, SOC serves not only as an
essential carbon source and energy supply for metabolism and proliferation, but also
creates favorable micro-environments by improving soil physical structure, thereby
fostering a diverse and metabolically active microbial community (Huang et al., 2025;
T. Xue et al., 2024). For plants, the SOC-enhanced soil structure and water retention
capacity facilitate extensive root system development, enabling plants under nutrient

stress to explore a greater soil volume for nutrient acquisition (Jinger et al., 2025).
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In summary, SOC plays a pivotal role in rehabilitating nutrient-poor soils through
multiple mechanisms: fertility enhancement, water conservation, soil structure
improvement, and the promotion of microbial and plant activities.

1.1.4 Significance of biocrusts in nutrient-poor soils

Biological soil crusts (hereafter referred to as biocrusts) are present in ecosystems
worldwide, particularly in environments where limited vascular plant cover allows
sunlight to reach the soil surface. They are especially common in water-limited
ecosystems (Weber et al., 2022). Biocrusts are complex associations of organic
microorganisms and inorganic soil mineral particles (Zhang et al., 2025b).

Biocrusts are composed of a diverse array of photoautotrophic and heterotrophic
organisms spanning multiple domains, kingdoms, and phyla. The photoautotrophic
components include various lineages such as cyanobacteria, algae, lichens, and
bryophytes, but exclude ferns, fern allies, and vascular seed plants. In addition to these
cryptogamic photoautotrophs, biocrusts harbor a rich diversity of heterotrophic
microorganisms, including fungi, bacteria, and archaea (Biidel et al., 2008). These
heterotrophic organisms consume carbon compounds released by photoautotrophs
during rainfall events. Biocrusts create a unique habitat that supports a variety of
microscopic animals, including protozoa, nematodes, tardigrades, rotifers, and
microarthropods. As a result, biocrusts form an entire food web/ecosystem composed
of photoautotrophic producers and heterotrophic consumers (Liu et al., 2011; Weber et
al., 2022).

Figure 1.4 The distribution of biocrusts sites in global drylands. Different colors outline four
subtypes of drylands (red: hyperarid land; pink: arid land; green: semiarid land; light blue: dry
subhumid land). Deep blue points show distributions of biocrust data compiled in the study (Chen
et al., 2020)

In nutrient poor arid and semi-arid ecosystems, biocrusts serve as an indispensable
layer performing irreplaceable ecological functions (Figure 1.4) (Chen et al., 2020;
Romén et al., 2020; Rossi et al., 2022). Primarily, cyanobacteria with N»-fixing
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capabilities and other microorganisms within the biocrusts can directly capture
atmospheric N> and convert it into bioavailable forms (Garcia-Carmona et al., 2020;
Romaén et al., 2020). This process supplies critical external N inputs to the system,
effectively alleviating N limitations in the soil. Furthermore, through fungal hyphae and
extracellular polymeric substances, the biocrusts bind loose soil particles together,
significantly enhancing topsoil stability (Ling et al., 2017). This consolidation provides
robust resistance against wind and water erosion while establishing a physical
foundation for organic matter accumulation and colonization by organisms from higher
trophic levels (Peng et al., 2022; Rossi et al., 2022). Additionally, biocrusts influence
surface hydrological processes by modifying water infiltration and evaporation patterns,
thereby regulating soil moisture distribution (Guan et al., 2020; S. Li et al., 2021).
Simultaneously, these biocrusts function as localized "nutrient islands," concentrating
elements such as carbon and N while activating and cycling nutrients through their
metabolic activities (Warren, 2014; Zhang et al., 2025b). A study showed that
cryptogamic covers, including biocrusts, take up 590 Tg/a of carbon in grasslands and
deserts (Maier et al., 2018). In essence, via synergistic mechanisms including N>
fixation, soil stabilization, hydrological regulation, and nutrient enhancement, biocrusts
act as both pioneering colonists and ecosystem stabilizers in oligotrophic environments,
representing crucial biological agents for initiating and sustaining the recovery of
fragile ecosystems.

1.1.5 Protective effects of clay on SOC and its facilitative role in biocrusts
development

Clay minerals, primarily formed through the weathering of aluminosilicates on the
surface of the Earth, belong to a class of layered silicates (Zhang et al., 2022). Their
layered structures consist of silica tetrahedral sheets and alumina octahedral sheets.
These minerals can be classified based on the stacking ratio of these sheets, primarily
falling into 1:1-type and 2:1-type clays (Boumaiza et al., 2020).

Kaolin represents a typical 1:1-type clay, characterized by a structural unit layer
composed of one silica tetrahedral sheet and one alumina octahedral sheet (Cheng et
al., 2024). The layers are tightly bound via hydrogen bonding, resulting in non-
expandable interlayer spaces and fixed interlayer domains (Zhang et al., 2022). In
contrast, montmorillonite (MMT) is a classic 2:1-type clay. Its structural unit layer
consists of an alumina octahedral sheet sandwiched between two silica tetrahedral
sheets. A defining feature of MMT is the presence of an expandable interlayer domain
between unit layers, accompanied by significant permanent negative charge. This
charge originates from isomorphous substitution within the crystal structure (e.g., AI**
replacing Si*"), enabling strong adsorption and retention of cations (e.g., Ca**, K¥, NHa")
(Tombacz and Szekeres, 2006). These properties endow MMT with a substantial
specific surface area and high cation exchange capacity (CEC), making it one of the
most physiochemically reactive components in soils (Six et al., 2002). Compared to
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MMT, kaolin exhibits lower specific surface area, reduced CEC, and greater chemical
stability (Tombacz and Szekeres, 2006).
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Figure 1.5 The soil mineral (a) and microbial (b) carbon pumps (Xiao et al., 2023)

Clay minerals, particularly 2:1-type MMT, serve as crucial "guardians" for the
long-term stabilization of SOC (Figure 1.5) (Montes - Pulido et al., 2025; Xiao et al.,
2023; Xie et al., 2025). (1) Chemical adsorption and complexation: The extensive
specific surface area and permanent negative charge of MMT enable it to form stable
surface complexes with organic molecules (e.g., via carboxyl or amino functional
groups), either directly or through cation bridges (e.g., Ca*") (Han et al., 2016). This
firmly adsorbs organic matter onto its surface, effectively slowing microbial
decomposition (Jing et al., 2022; Liu et al., 2023). (2) Intercalation and encapsulation:
The expandable interlayer spaces of MMT allow small organic molecules (e.g., amino
acids, peptides) to enter, forming organo-mineral complexes. This physical isolation
separates organic matter from microorganisms and their secreted enzymes, providing
robust physical protection (Wu et al., 2023). Additionally, microaggregates formed by
clay minerals in conjunction with iron/aluminum oxides can encapsulate organic matter,
creating spatial barriers (Uroz et al., 2015). (3) Formation of physical barriers: After
combining with organic matter, clay minerals can coat the surface of organic particles
or clog soil pores, thereby impeding the access of microorganisms and enzymes and
reducing the rate of SOC mineralization (Liang et al., 2017; Wu et al., 2023). In contrast,
kaolin, due to its smaller specific surface area and non-expandable interlayers, is
considered to have a weaker capacity for protecting organic carbon compared to MMT
(Wattel - Koekkoek et al., 2003).

25



M. en C. Cui Zhang

. Ll y £ g5 -
Sand Sand + Kaolin
Figure 1.6 Promotion of biocrusts growth by kaolin through enhanced surface soil water retention
(Keqiang et al., 2023)

Current research indicates that clay minerals significantly promote the
colonization and development of biocrusts (Keqiang et al., 2023; Qian et al., 2024). (1)
Fine particle size advantage: Fine-grained particles facilitate microbial colonization and
growth, particularly for cyanobacteria (Zhao et al. 2021; Faist et al. 2020). The fine-
grained nature of clay undoubtedly accelerates the colonization and growth of biocrusts.
(2) Improved surface microhabitat: Clay minerals markedly enhance the water retention
capacity of the soil surface. Through capillary action and hygroscopicity, they absorb
and retain atmospheric precipitation and condensed water, creating essential moisture
conditions for biocrust vitality (Figure 1.6) (Keqiang et al., 2023). Concurrently, their
high nutrient adsorption capacity (especially MMT) aids in enriching nutrient elements
beneath the crust layer, forming a micro-scale "nutrient reservoir" (Hartmann and Six,
2023; Wu et al., 2023). (3) Promotion of microbial community establishment: The
organic matter and nutrients adsorbed on clay particle surfaces provide initial energy
and material sources for pioneer N»-fixing cyanobacteria and other microorganisms.
Clay minerals such as MMT can even directly interact with microbial cells, influencing
their community structure and metabolic activity, thereby accelerating the formation
and succession of biocrusts (Uroz et al., 2015; Wu et al., 2023).

Therefore, clay minerals not only contribute to the protection of SOC but also
facilitate the development of biocrusts.
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1.2 Rationale and research hypotheses

Nutrient-poor soils—such as saline-alkali soils, phosphogypsum-covered soils,
and desert soils—are often regarded as "ecological deserts" or "life-forbidden zones"
(Mohanta et al., 2023). Yet, these nutrient-poor soils account for a considerable portion
of the global land area and continue to expand (P. Zhang et al., 2022). Low fertility and
poor water retention are defining characteristics of such soils (Orians and Milewski,
2007). Therefore, in the ecological restoration of these regions, enhancing water
retention and carbon sequestration is key to "breaking the deadlock".

Moreover, against the backdrop of escalating climate change and water resource
crises, the potential of vast oligotrophic soils should not be overlooked (F. Yang et al.,
2023). From a climate change perspective, the global soil carbon pool is three to four
times larger than the atmospheric carbon pool, with desert regions contributing
significantly to carbon storage (Lal, 2004; F. Yang et al., 2023). For instance, the carbon
sink of the Gurbantunggut Desert of China was 41.69 g C m? during the period from
April to September 2021 (Amar et al., 2023). However, this carbon sink is primarily
abiotically driven (F. Yang et al., 2023). When environmental factors shift -such as due
to heavy rainfall or warming -large amounts of CO: can be released (Ahlstrom et al.,
2015). In contrast, biological carbon sequestration via photosynthesis by biocrusts and
vascular plants can lead to more stable carbon fixation (Zhang et al., 2025a). From a
water security perspective, improving the water retention capacity of oligotrophic soils
is equivalent to creating countless "invisible reservoirs" across vast lands. This
effectively reduces surface runoff, replenishes groundwater, alleviates regional drought
stress, and provides more reliable water sources for agricultural production and human
livelihoods in marginal areas -directly impacting food security and regional stability
(Bohm et al., 2021; Patel et al., 2024).

Accordingly, this study addresses the following issues: (I) To tackle the poor water
retention of saline-alkali soils, we developed salt-tolerant superabsorbent polymers,
offering a potential approach for restoring soils with weak water retention capacities.
(IT) To address the nutrient poverty and the difficulty of vascular plant survival of
phosphogypsum stockpiles, we investigated the interactions between biocrusts and
phosphogypsum, aiming to provide an effective method for the eco-friendly treatment
of phosphogypsum. (III) To deal with the nutrient deficiency in desert soils, we
introduced clay-based artificial biocrusts to promote biological sequestration of soil
organic carbon (SOC) in desert environments.

The main innovation of this study lies in integrating the "inorganic-organic" dual
perspective to develop a synergistic restoration strategy. By clearing the interactions
between inorganic components (e.g., clay, phosphogypsum, salinity, cation exchange
capacity, pH) and organic components (e.g., polymeric materials, microorganisms,
SOC), we aim to drive a synergistic enhancement effect, achieving superior restoration
outcomes compared to single-material or single-method approaches. Furthermore, this
study employed high-throughput sequencing (HTS) to characterize the microbial
community composition and their environmental functions (C, N, P, and S cycling).
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Statistical methods were used to establish correlations between microorganisms and
inorganic environmental factors. These systematic investigations into inorganic—
organic coordination will provide broader insights for ecological rehabilitation. Based
on this, the targeted research hypotheses are as follows:

(1) Since enhancing soil water retention has been widely recognized as an effective
strategy to mitigate soil salinization, and that superabsorbent polymers (SAPs) possess
strong water absorption and retention capacities, we raised the following scientific
question: How can we synthesize a salt-tolerant superabsorbent polymer suitable for
saline-alkali soils? Given that sulfonic, carboxyl, amino, and hydroxyl groups exhibit
strong hydrophilicity -and that sulfonic groups provide good salt tolerance -we
proposed the research hypothesis that: a salt-tolerant superabsorbent polymer
applicable to saline—alkali soils could be synthesized using monomers containing
sulfonic, carboxyl, amino, and hydroxyl groups.

(2) The large-scale production and difficult disposal of phosphogypsum have
already caused serious ecological problems. /n situ green remediation is undoubtedly
the most cost-effective and environmentally friendly disposal approach. Biocrusts
possess excellent ecological restoration capabilities. During our field investigation, we
observed that a phosphogypsum stockpile had been completely covered by biocrusts.
Therefore, we raised the following scientific question: Is there an interaction between
phosphogypsum and the biocrusts covering its surface? Accordingly, we proposed the
research hypothesis that: the development of biocrusts on the surface of
phosphogypsum may serve as an effective approach for its in situ remediation.

(3) Soil organic carbon (SOC) is a key factor in the restoration of desert soils, and
biocrusts are the primary surface cover in such environments. Clay minerals have been
proven to play a significant role not only in protecting SOC but also in promoting the
growth of biocrusts. However, the effect of clay on SOC during the construction of
artificial biocrusts remains unclear, and few studies have examined how different types
of clay influence SOC formation and stabilization. Therefore, we propose the research
hypothesis that clay may also promote SOC accumulation during artificial biocrust
construction, and that different types of clay have distinct effects on SOC formation
and stabilization.

1.3 Objectives

This thesis aims to provide feasible methods and a relevant theoretical basis for
the restoration of arid and semi-arid regions, taking saline-alkali land, phosphogypsum
stockpiles, and desert areas as examples.

(1) To develop a salt-tolerant superabsorbent polymer (ST-SAP) for improving the
water retention capacity of saline alkali land.

(2) To explore the interactions between phosphogypsum and its surface biocrust,
to provide a valuable perspective for the disposal of phosphogypsum.
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(3) To explore the effects and mechanisms of two types of clays on the formation,
stability, and accumulation of SOC, to provide potentially effective strategies for
carbon sequestration in nutrient-poor ecosystems such as desert areas.
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Chapter II. Superabsorbent polymer used for saline-alkali soil
water retention

2.1 Introduction

Approximately 1.13x10'2 billion ha of land worldwide are affected by saline-alkali
stress (Zhang et al., 2022), severely impacting food production and causing an
estimated annual economic loss of $27.3 billion (Ali et al., 2017). Even more
concerning, saline-alkali land continues to expand globally, highlighting the urgent
need to improve the physicl and chemical properties of such soils (Cui et al., 2021).
Previous studies have identified drought and rapid soil water evaporation as primary
drivers of soil salinization (Xiong et al., 2022; Zhang et al., 2018). As a result,
enhancing soil water retention has been recognized as an effective strategy for
mitigating soil salinization (Ali et al., 2017; Zhang et al., 2018). Superabsorbent
polymers (SAPs), capable of retaining more than 1,000 times their weight in water
(Panic et al., 2010; Zhang and Zhang, 2018), have been widely used in agriculture as
water-retaining agents (Li et al., 2016; Rizwan et al., 2022). However, SAPs have
limited effectiveness in saline-alkali soils due to their poor salt tolerance (Ahmed, 2015).
To enhance the swelling performance of SAPs in saline conditions, researchers have
explored various modifications, including zwitterionic polymers (Zhang et al., 2021),
e.g., zwitterionic polymers (Wang et al, 2021), inorganic materials (Kabiri and
Zohuriaan-Mehr, 2003), and interpenetrating polymer networks (IPNs) (Tally and
Atassi, 2015). Despite these efforts, their success remains constrained, primarily
because the additives contribute insufficient hydrophilicity rather than increasing the
material’s crosslinking density (Kabiri et al., 2011). The Flory-Rehner theory (Flory,
1953) provides a quantitative framework for understanding SAP swelling behavior, as
described by Yang et al. (2021):

2

3 <ﬁ/5é> +(%—x1)/V1

Qs = (Eq. 1)

VE/Vo
where Q: degree of swelling; i/V: charge density of the used material as polymer;

S: 1onic strength of solution; (1/2-x;)/V;: affinity of polymer-solvent; V&/Vy: density of
crosslinking.

Thus, the swelling capacity of SAP is significantly constrained by the ionic
strength of the surrounding solution, particularly in the presence of multivalent cations
as Equation 1 (Zhang and Qiao, 2021). However, enhancing the affinity of SAP has
been shown to greatly improve its performance, with the diversity of hydrophilic groups
also playing a crucial role (Zhang et al., 2021). Studies have established the
hydrophilicity ranking of functional groups as follows: R-SOsH > R-COOH > R-
CONH: > R-OH (Berthold et al., 1996; Zhang and Qiao, 2021). 2-acrylamide-2-
methylpropanesulfonic acid (AMPS), which contains the highly hydrophilic R-SOsH
group, is widely used as a salt-resistant oil displacement agent in the petroleum industry
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due to its low cation-binding tendency (Mohamadian et al., 2019; Cai, 2004; Shubnell
et al., 1994). Meanwhile, acrylic acid (AA) and acrylamide (AM), which feature R-
COOH and R-CONH: groups, respectively, are commonly utilized in gel-based
applications due to their strong hydrophilicity and cost-effectiveness (Ahmed, 2015;
Liu et al., 2018).

Based on these characteristics, AMPS, AA, and AM were selected as monomers
for synthesizing salt-tolerant SAP (ST-SAP) for water retention in saline-alkali soils
(Mischke et al., 2019). The target soil was sourced from Lop Nur, Xinjiang, China,
where saline-alkali stress is particularly severe. Since the molar ratio of hydrophilic
monomers plays a decisive role in polymer properties (Wang et al., 2020), their
proportions were carefully adjusted to optimize the synergistic effects of the
hydrophilic groups.

To evaluate the performance of ST-SAP under high-salinity conditions, swelling
behavior was analyzed using swelling kinetics fitting and reswelling experiments.
Additionally, the salt-tolerance mechanisms were investigated through computed
tomography (CT) and using two spectroscopy technics, the X-ray photoelectron (XPS),
and Fourier-transform infrared (FT-IR). Finally, the microscopy using scanning
electron (SEM) was employed to assess the water retention capacity of SAP-treated
saline-alkali soil.

2.2 Experimental sections

2.2.1 Materials

Saline-alkali soil was provided from Lop Nur, Xinjiang Province, China. Acrylic
acid (AA), acrylamide (AM), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS),
N,N'-methylenebisacrylamide (MBA), and potassium persulfate (KPS) were purchased
from Sinopharm Chemical Reagent Co. LTD, as well as NaOH, HCI, CaCl,, NaCl, KClI,
MgCl: reagent. All reagents were analytical grade and deionized water was processed
by a pure water meter (Millipore company, Milli-Q Direct 16, America).

2.2.2 Preparation of ST-SAP

During preparation, the mass of the monomers was kept constant at 25 wt% of the
mass of the deionized water and the monomers. First, AA (0.025 mol) and AMPS
(0.0075, 0.015, 0.0225, 0.03, and 0.0375 mol, respectively) were dissolved in deionized
water and subsequently cooled in ice water (Ahmed, 2015). AM (0.02, 0.04, 0.06, 0.08,
and 0.1 mol, respectively), NaOH (adjusted the neutralization degree to 85%), and
MBA (nmBa:naa+am+amps = 0.025%) were added to the solution. Then, the mixture was
transferred to a 250 mL three-necked flask equipped with a mechanical stirrer, reflux
condenser thermometer, and N> for 15 min to remove dissolved oxygen. Subsequently,
KPS (nkps:naa+am+ames = 0.08%) was added with continuous stirring at 60°C to
generate radicals. After about 10 min, the mixture gradually solidified, and the system
was maintained under N atmosphere at 60°C for 3 h. Finally, the obtained products
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were dried by vacuum freeze dryer, ground and sieved to 40-80 mesh (Zhang and Zhang,
2018; Zhang et al., 2006).

2.2.3 Determination of swelling properties

A mixed saline solution was prepared to determine the swelling properties of ST-
SAP under high salt condition. The concentrations and pH of the mixed saline solution
matched to Table S5.1 (in wt%: 4.13 Na* 0.50 K*, 0.75 Ca**, and 0.45 Mg?"), at pH 8.5
The weighed reagents (21 g NaCl, 1.92 g KCl, 4.18 g CaCly, and 3.58 g MgCl), were
dissolved in 200 mL of deionized water to prepare the high-concentration salt solution.

Materials (0.1000 g) were immersed in deionized water and mixed saline solution
for 3 h to achieve swelling equilibrium. Then, the swollen ST-SAP was filtered through
a 100 meshes nylon net (Zhang and Zhang, 2018). Each experiment was performed in
triplicate to calculate the average values. The water absorbing capacity Qeq (g/g) was
calculated as the following.

Qeg=(M-My)/ My (Eq. 2)
where My (g) and M (g): weights of the dry and swollen samples, respectively.

To investigate the swelling kinetics of ST-SAP under high salt condition, the
product (0.1000+0.0001 g) was immersed in the mixed saline solution at specific time
intervals (0, 5, 15, 20, 60, 120, and 180 min). The swelling rate was determined
according to Eq. 2.

The swollen ST-SAP (0.1000g) in deionized water and mixed saline solution were
placed in an oven at 60 °C until dried completely. The polymers were then re-swelling
in an equal volume of deionized water and mixed saline solution. The above process
was repeated in five cycles to evaluate the reusability.

2.2.4 Determination of water retention properties

The swollen materials (0.1000 g) in mixed saline solution were placed into a 25 °C
thermostat. Concurrently, an equal amount of mixed saline solution was used as a blank
control. The mass loss was measured every 2 h. The water retention capacity of ST-
SAP was determined based on the relationship between mass loss and time, which was
calculated as follows:

W: (%) = Wi/Wox100% (Eq. 3)

where Wy and W; are the masses of the completely swollen ST-SAP and the

material at a certain time, respectively.

2.2.5 Determination of swelling properties

Two 10-centimeter soil columns without caps were drilled with small holes at the
bottom. 1 g ST-SAP (2wt % of saline-alkali soils) (Saha et al., 2020) was well-
distributed with saline-alkali soils and the resulting mixture was added to one of the
soil columns. The same amount of saline soil was filled into another column as the
blank control. The two soil columns were placed into deionized water for several days
until constant weight (P. Zhang et al., 2022) . Subsequently, the soil columns were
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placed in a thermostat at 25 °C and were weighed every two days until the blank control
reached a constant weight. The water retention capacity (We,) of ST-SAP in saline-
alkali soil was determined based on the relationship between mass loss and time, which
was calculated as follows:
Wep = (Mot -My) /M1x100% (Eq. 4)
in which Mio: total mass of the swollen ST-SAP/soil (or soil for control), M;:
mass of the swollen ST-SAP-soil (or soil) if # and M; is the total mass of water absorbed
by ST-SAP-soil (or soil).

2.2.6 Characterization

The concentrations of Na and K were measured spectrometrically using an atomic
absorption (Shimadzu Company, AA-6880, Japan) at range 185 to 900 nm; Ca** and
Mg?" concentrations were calculated after EDTA complexometric method.

Fourier Transform Infrared spectroscopy (Thermo Fisher Scientific, Nicolet6700,
USA) was used to record the FT-IR spectra of solid and liquid samples in the range of
4000-400 cm™!. The fast scan was performed once per second.

The X-ray photoelectron spectroscopy (XPS) was employed to investigate the
structure change after the ST-SAP absorbing Ca?’, with a spectrometer (Thermo Fisher
Scientific, ESCALAB Xi+, USA) equipped with a monochromatic Al Ka Xray source.

The morphology of the ST-SAP was characterized by SEM (JSM 7100F, Jeol,
Japan). All materials are sprayed with gold before scanning, and the electron
microscope acceleration voltage was set at 15kv.

Computed tomography (CT) (Carl Zeiss AG, ZEISS Xradia 620 Versa, Germany)
was applied to reconstruct the internal structure of the material, at 1.51 microns voxel
resolution.

2.2.7 Statistical analysis

To know the effect of monomers amount on swelling properties, reswelling
capacity, and swelling properties in salt solutions of ST-SAP, ANOVA analyses were
performed (Esmaeili and Saremnia, 2016; Song et al., 2022). The former was done
using SPSS software (V 26)

2.3 Results and discussion

2.3.1 Structure of ST-SAP

In Figure 2.1a, the FT-IR spectra of the ST-SAP displayed a broad stretching
vibration band at 3432 cm™ which is attributed to the O-H stretching vibration
(Rashidzadeh and Olad, 2014) . This peak is characteristic of -COOH of AA.
Furthermore, the spectra also exhibited peaks at 1666 cm™ and 1450 cm™!, which are
attributed to the asymmetric and symmetric stretching vibration peaks of COO- of AA,
respectively (Wu et al., 2003) . The FT-IR spectra of AM revealed a peak at 1666 cm”
! which corresponds to -C=0. Additionally, the absorption peaks at 3359 cm™ and 3178
cm™! were assigned to -N-H bond stretching vibration (Rashidzadeh and Olad, 2014;
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Wu et al., 2003). The characteristic peaks of -SO3H stretching vibration, belonging to
AMPS, were observed at 1243 and 1025 cm™ (Xie et al., 2012; Xiying Jing, Shili Chen,
1992). The presence of all the above peaks in ST-SAP confirms the successful synthesis
of poly (AA-co-AM-co-AMPS) ST-SAP.
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Figure 2.1 (a) spectra after Fourier Transform Infrared analyses of acrylic acid (AA), acrylamide
(AM), 2-acrylamide-2-methylpropanesulfonic acid (AMPS), and the synthesizing salt-tolerant
superabsorbent polymers (ST-SAP). (b and c) Imagens at scanning electron microscope ST-SAP
before and after contacting water, respectively. (d) ST-SAP pore structures (white) inside the
swollen networks (pink), showed in 3D

Before being exposed to water, the network structure of ST-SAP was in a
contracted state (Xiao et al., 2017; Zohuriaan-Mehr and Kabiri, 2008), characterized by
a lack of any discernible pore structure (Figure 2.1b). Upon the addition of water, the
network of ST-SAP immediately swelled and acquired a porous morphology (Figure
2.1c). CT is a non-intrusive measurement method without no damage to the object.
Utilizing the threshold method of Otsu (Otsu, 1979), reconstructed images of swollen
ST-SAP were binarized, which effectively segregated the pores from the bulk ST-SAP
(Womack et al., 2022) as is showed in Figure 2.1d. The resulting pore volume ratio was
determined to be 67.8%. It should be noted that the pore volume ratio of ST-SAP is not
constant; the more water that is absorbed, the more pores there would be in ST-SAP.
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2.3.2 Effect of monomers amount on swelling properties

AA content was fixed to simplify the research process (Cheng et al., 2019) (Figure
2.2). The trend of ST-SAP in mixed saline solution closely mirrored that observed in
deionized water, which emphasized that increasing polymeric hydrophilicity was an
effective way to improve salt tolerance.

When n(AM): n(AA) was 0, surprisingly, the ST-SAP completely dissolved in the
solution, which presented the swelling capacities of 0 g/g (Figure 2.2a). It was can be
attributed to the strong hydrophilicity of AA and AMPS, which resulted in continuous
swelling of the network and accumulation of stresses within the material (Kim and Park,
2004). When the swelling stress reached too high that the material broke up under even
tiny external forces. The presence of AM restrained the infinite swelling of the network
structure, as the hydrophilicity of the R-CONHz group in AM is relatively weaker,
while the formation of hydrogen bonds increased the degree of cross-linking, ultimately
improving the mechanical strength of the material. Additionally, the synergistic
interaction of R-CONH», R-COO™ and R-SO;H also improved the swelling capacity as
well as salt tolerance. However, when n(AM): n(AA) was more than 3.2, the capacity
began to decline, as excessive non-ionic groups (R-CONH2) reduced overall
hydrophilicity (He et al., 2017).

The swelling capacity of ST-SAP initially increased and then decreased as
n(AMPS):n(AA) increased from 0 to 4.0 (Figure 2.2b); while an appropriate increase
of AMPS enhanced the swelling capacities, the excessive AMPS resulted in steric
hindrance that inhibited the effective formation of hydrophilic substances. When
n(AMPS):n(AA) was 1.5, the swelling capacity was again 0. The optimal performance
was achieved when the molar ratio of n(AA):n(AM):n(AMPS) was 1:2.4:0.6, as the
synergistic effect of the three hydrophilic groups was greatest under the condition (P.
Zhang et al., 2022).
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Figure 2.2 Effects of the assayed moles of acrylamide and acrylic (nAm:nAA) (a) and 2-
acrylamide-2-methylpropanesulfonic acid and acrylamide (nAMPS:nAA). 0.025 mol AA, 0.015
mol AMPS, AM 0.06 mol. a, b, c: significant differences between treatments (p < 0.05)
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2.3.3 Swelling properties under high salt condition

2.3.3.1 Swelling Kkinetics

To investigate the water retention properties of ST-SAP in saline-alkali soil of
high salinity, the saline-alkali soil of Lop Nur was selected. The soil samples were
composed of 0-30 cm topsoil at different sampling points (Table 3.1).

Table 2.1. The properties of saline-alkali soil from Lop Nur, Xinjiang Province, China.

Properties Result
CEC 6.452 cmol*/kg
Total dissolved salt 18.13%
pH 8.29
Soluble cation contents 4.13 wt% Na™, 0.50 wt% K*
(Na*, K*, Ca?", Mg?") 0.75 wt% Ca?*, and 0.45 wt% Mg?*

To investigate the water adsorption efficiency in high saline solution, pseudo-first-
order, pseudo-second-order models (Al-Othman et al., 2012; Zhang and Zhang, 2018)
were used, which were expressed as follows:

0,=0,-exp'(InQ,-k;t) (Eq. 5)

t/Q =1/k, 0" +1/Q, (Eq. 6)

in which O, (g/g) and O, (g/g) are defined as the swelling capacity of the

materials at equilibrium and time t, respectively. k; (min™"), and k> (g mol ! min!) are

the rate constant of the pseudo-first-order, and pseudo-second-order model,
respectively.

According to Figure 2.3a, the fitting parameters of models are obtained and listed
in Table 2.1. The correlation coefficient of the pseudo-first-order model is higher
(Simonin, 2016), suggesting a satisfactorily fitting result (Du et al., 2014). In addition,
the swelling capacity of ST-SAP was determined to be 69.03 (g/g). Previous studies
(refer to Table 2.2) have shown a dearth of research on water-absorbent polymers under
high salt concentration, with existing materials generally exhibiting poor salt tolerance.
Remarkably, ST-SAP in this study exhibits exceptional swelling performance under
high salt conditions.
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Figure 2.3 (a) Swelling kinetics for water adsorption in mixed saline solution at 25 °C. (b) The
reswelling capacities of the salt-tolerant superabsorbent polymer (ST-SAP) at 25 °C. Different

lowercase letters indicate significant differences between treatments (p< 0.05)
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Table 2.2. Kinetic parameters for the salt-tolerant superabsorbent polymer (ST-SAP) in mixed

saline solution at 25°C

Pseudo-first-order model

Pseudo-second-order model

Q. (g/g) ki (min™') R/ Q. (g/g) ka (min) Ry’
69.03 0.015 0.999 70.70 0.013 0.994
Table 2.3. Comparison of the swelling capacity of materials
Materials Sw?llmg Condition Filtering References
capacity (g/g) method
Cassava starch-
20 10 wt% NaCl -
o-AA/DMAPMA wt7/o Na 100 mgsh Wang et al,
- nylon sieve 2021
hydrogel 213.5 rainwater
FGB 86 Tap-water i L1121 ()ezt 511.,
65 0.9 wt% NaCl
Poly 0 100-mesh Lietal,
(AA)/attapulgite 20 0.9 wt% CaCly screen 2005
Zhao et al
0 _ )
STSP 145 0.9 wt% NaCl 2019
Mixed saline solution:
10.50 wt% NaCl, 100-mesh current
ST-SAP 69.026 0.96 wt% KCI; avlon sieve stud
2.09 wt% CaCly; 4 v 4

1.79 wt% MgCl

2.3.3.2 Reswelling capacity

The reswelling capacities of ST-SAP during the 1st to 5th cycles were determined
(Figure 2.3b). In deionized water, a significant decrease (P<0.05) in the swelling
capacity of ST-SAP was observed with increasing cycle number, owing to the polymer
decomposition to a certain extent (Mohammadbagheri et al., 2021; Zhang and Zhang,
2018). However, in mixed saline solution, no significant difference was noted between
the results of the 2nd, 3rd, and 5th cycles (P>0.05), nor between the 2nd, 4th, and S5th
cycles (P>0.05), which indicated the remarkable stability of ST-SAP during the 2nd-
5th swelling process. This is because the chemical reaction of ST-SAP with cations in
the salt solution increases the degree of cross-linking of the polymer (Kabiri et al., 2011),
thus enhancing the structural stability of ST-SAP (Zhang and Qiao, 2021). The
phenomenon serves as evidence that ST-SAP can effectively realize multiple reswelling
under high salt condition.

2.3.4 Salt-tolerant mechanism under high salt condition

2.3.4.1 Swelling properties under different types and concentrations of salt
solutions

The abundant hydrophilic groups formed hydrogen bonds with water to attract a
large amount of water (Ahmed, 2015). The ionic groups of ST-SAP generate
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intermolecular electrostatic repulsion and the osmotic pressure difference by ionization,
which facilitate further swelling of the network structure(Flory, 1953; Zhang et al.,
2021). However, the presence of cations greatly reduces the swelling ability of ST-
SAP(Olad et al., 2018; Zhang and Qiao, 2021). In the soil sample, Na" and Ca** were
the maximum content of monovalent and divalent cations, respectively (in Table 2.1).
To investigate the impacts of cations, ST-SAP was added to two salt solutions (NaCl
and CaCly) with varying concentrations. Overall, the swelling capacities decreased
significantly with the increase of salt solution concentration (Figure 2.4). This is
because the cations complex with hydrophilic groups diminished the polymeric
hydrophilicity (Ping et al., 2001; Zhang and Qiao, 2021), screened the electrostatic
repulsion of ionic functional groups (Zhang and Zhang, 2018), and reduced the osmotic
pressure difference of ST-SAP (Olad et al., 2018).

Interestingly, a non-significant decrease in swelling capacity was observed with
increasing concentrations of NaCl solution above 6 wt% and CaCl; solution above 1.64
wt% (P>0.05). A similar phenomenon was reported in other researches (Z. M. Wang et
al., 2021), in which absorbed cation complex with the hydrophilic group, enhancing the
stability of ST-SAP in high salt solution (Zhang and Qiao, 2021). It was confirmed in
the previous content (2.3.2).

In addition, the impact of the Ca solution was more pronounced than that of the
Na solution (Figure 2.4). Hence, the Ca solution was chosen for further mechanistic

studies.
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Figure 2.4. Water absorbencies in different salt concentrations and salt solutions. (a) NaCl solution;
(b) CaCl; solution. Different lowercase letters indicate significant differences between treatments
(P <0.05)

2.3.4.2 MIP of CT for adsorption of calcium salt in ST-SAP

Due to the significant impact of Ca®*" on ST-SAP properties, an adsorption
isotherm experiment was performed to examine the adsorption of Ca** by ST-SAP,
which revealed that Ca" is easily adsorbed onto ST-SAP. Further details are available
in the supplementary materials.
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To know the Ca*" adsorption by ST-SAP, the ST-SAP (0.1000+0.0001 g) was set
at different concentrations of CaCl, until swelling equilibrium, and results were fitted
using the Langmuir and Freundlich models:

Langmuir model:

0,=kQ,Cc/(1+kC,) (Eq. 7)

Freundlich model:

Q~kC™ (Eq. 8)
Where C, (g/L)and Q (g/g): equilibrium concentrations of the solution; O, (g/g) and
On (g/g): balanced and maximum adsorption ratio of ST-SAP, respectively; k; (L/g):
Langmuir constant; k(g/g): Freundlich constant, and //n: adsorption intensity index.

The fitting model parameters were listed in Table 3.4. Freundlich fits better to the
adsorption process, whose R? reached 0.998. Remarkably, 1/n reflects was <0.5,
indicating that Ca** was easily adsorbed in the ST-SAP (Figure 3.5).
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Figure 2.5. Adsorption isotherm for Ca*" absorption

Table 2.4. Adsorption isotherm parameters for the adsorption of Ca** by
the salt-tolerant superabsorbent polymer (ST-SAP)

Langmuir Freundlich
Qm(g/g) ki (L/g) R? I/n ke (L/g) R»?
0.259 5.282 0.937 0.193 0.191 0.998
Langmuir Freundlich
Qm(g/g) ki (L/g) R;2 1/n ke (L/g) R»?
0.259 5.282 0.937 0.193 0.191 0.998

The maximum intensity projection (MIP) (Kuhl et al., 2014) utilizes the
perspective method to project the pixel with the highest density in the original image
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onto a two-dimensional plane, and forms finally a reconstructed image with the
maximum density. It is commonly employed in medical diagnostics for assessing
physical ailments (Kuhl et al., 2014; L. Zellweger et al., 2022). Herein, MIP of CT was
utilized to observe the materials that absorbing deionized water and 2.09 wt% CaCl,
respectively (Figure 2.6). The former (Figs. 2.6a and b) showed a more homogeneous
distribution and lower density than the latter (Figs. 2.6¢ and d). Since the density of
Ca®" and CI are significantly different from ST-SAP; Figure 2.6d presents the
distributions of Ca?" and CI" in ST-SAP. Therefore, in this chapter, the adsorption
isotherm results show that Ca is easily adsorbed by ST-SAP, and MIP intuitively
presents the distribution of CA in ST-SAP.

. . R ——
0.00 1310700 2621400 3932100 5242800 6553500

Figure 2.6. 2D images and reconstructed images of the maximum intensity projection of the salt-
tolerant superabsorbent polymer after absorbing water (a and b, respectively) and after absorbing
soluble CaCl: (c and d, respectively
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2.3.4.3 Spectroscopies of X-ray photoelectron and Fourier transform infrared
for complexation mechanism of calcium with ST-SAP

The results of the adsorption isotherm (Figure S5.1, Table S5.2) confirmed that
Ca®" was easily adsorbed onto ST-SAP. The adsorption mechanism was further
analyzed using X-ray photoelectron and Fourier transform infrared spectroscopies
(XPS and FT-IR). The survey spectrum and high-resolution spectra of ST-SAP
adsorbing Ca?" (Figure 2.7a) indicates that, after adsorbing, new peaks of Ca appeared
in the survey spectra, confirming that Ca** reacted with ST-SAP. The corresponding
change in ion content showed that Ca** reached 9.92%, while Na decreased from 5.36%
to 0.49%. The ion exchange between Ca’** and Na* occurred during the adsorption
process due to the stronger affinity of the functional groups of ST-SAP for Ca>" than
Na" (Lee et al., 2018).

In Figure 2.7b, the high-resolution C 1s spectra split into four peaks: C-C at 284.8
eV, C=0 at 287.99 eV, C-O at 286.3 eV, C-N/C-S at 285.6 ¢V (Vilani et al., 2007).
After absorbing, the binding energy of C=0O and C-O increased up to 288.42 eV and
286.56 eV, respectively. Figure 2.7c shows two separate peaks in the O 1s spectra: C-
O at 531.42 eV and C=0/S=0 at 532.7 eV (Luo et al., 2021). These peaks can be
attributed to R-COO-, R-CONH>, and R-SO3H, respectively, and shifted towards higher
binding energy after adsorption. In the S 2p spectra presents two peaks at 167.9 eV and
169.2 eV (Figure 2.7d), corresponding to S 2p32 and S 2p1,2 respectively, which also
shifted towards higher binding energy (Chen et al., 2017). This shift can be attributed
to the decreasing oxygen electron cloud density after adsorption (Wu and Li, 2013).
Therefore, it can be inferred that R-CONH;", R-SO3H, R-COO™ had complexation
reactions with Ca?".
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Figure 2.7 X-ray photoelectron spectroscopies of the salt-tolerant superabsorbent polymer (ST-SAP)
before and after absorbing Ca?" (a) survey scans spectra; (b, ¢ and d) high-resolution Cls, O 1s, and
S 2p spectra, respectively.

According to Pluharova et al. (2014), Ca was coordinated and collinear with an O atom
in the amide (Figure 2.8a). Sulfonic acid (-SOsH) group has a poor binding ability to
metallic cations, only one O atom combined with Ca two sulfonates, —S(=0),—O"
(Figure 2.8b) ( Bagaria et al., 2013Shubnell et al., 1994).

Figure 2.8. (a to ¢) Schematic diagrams of the coordination binding of Ca?" to three functional
groups: amide group, sulfonic acid group, and carboxylate group, respectively. (d) Four types of
metal-carboxylate complexes form: (i) an ionic or uncoordinated form, (ii) unidentate coordination,
(iii) bidentate chelating coordination, and (iv) bidentate bridging coordination

The formation of metal-carboxylate complexes can be classified into four types
according to Mehrotra and Bohra (1983) and Barajas et al. (2022): (i) an ionic or
uncoordinated form, (ii) unidentate coordination, (iii) bidentate chelating coordination,
and (iv) bidentate bridging coordination (Figure 2.8d).

The coordination mode is determined by steric hindrance (Plank and
Sachsenhauser, 2009). Qian et al. (2017) theorized that CaCl,/PAA formed a
tetradentate complex when the coordination interaction between Ca®" and R-COO~ was
saturated. Zhang and Qiao (2021) proposed that the coordination of R-COO™ and Ca*"
was bidentate chelating. In order to elucidate the interaction mechanism between Ca**
and R-COO™ in the network structure of ST-SAP, the material adsorbing Ca*" was
characterized by Fourier-transform infrared (Gliemann, 1978).
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In the region of 1350-1750 cm™! at the FT-IR spectrum, the difference between
Vasym(COQO") and vsym(COQO™) bands are used to determine the type of metal-carboxylate
coordination (Filipiuk et al., 2005; Palacios et al., 2004; Papageorgiou et al., 2010). The
different coordination modes correspond to different frequencies, which are sensitive
to the structure of the carboxylate group and metallic properties. Therefore, metal-
carboxylate coordination type can be determined by the difference (i.e., Av COasym-
COsym), as Nakamoto (Gliemann, 1978).

For the bidentate chelating coordination:

AV(COO')Complex<<AV(COO')Na (Eq.9)
For the bidentate bridging coordination:
A\/(COO')CompleX<A\/(COO')Na (Eq. 10)
For monodentate geometry of the carboxylate group:
A\/(COO')compleX>>AV(COO')Na (Eq. 11)

The previous study (Zhang and Qiao, 2021) cleared that the R-COOH has been
coordinated with the Na" during the polymerization process. Therefore, Av(COO),

corresponded the difference between vasym(COO™) and vsym(COO™) bands (Figure 2.9).
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Figure 2.9. The Fourier transform infrared spectra of ST-SAP before and after absorbing Ca?". The
partial enlargement of the 2000-1300 cm™! spectrum

Table 2.5. Fourier Transform Infrared absorption peaks of visym(COO7), vsym(COO™) and the
differences

Parameters Vasym(COO") Vsym(COO") AV(COO))
Na* 1670 1450 220
Ca** 1641 1467 174

According to the Figure 2.9 and Table 2.3, the value for Av(COO-)ca was less than
or equal to Av(COO-)na, which is consistent with the finding of Sergios K
(Papageorgiou et al., 2010). Based on Equation 9, the Ca-carboxylate coordination type
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of ST-SAP is bidentate bridging form (Figure 2.8¢). The above results demonstrate that
all three hydrophilic monomers (R-COO", R-CONH,, R-SOs;H) complex with Ca?",
which contribute to the excellent stability of ST-SAP during the reswelling process and
in different concentrations of salt solutions (as described in chapters 5.3.3.2 and 5.3.4.1).

2.3.5 Water retention properties under high salt condition

2.3.5.1 Slow-release water property after adsorbing mixed saline solution

The foregoing study indicated that ST-SAP exhibit favorable swelling properties
under high salt condition, which was a prerequisite for excellent slow-release properties.
To further evaluate the slow-release performance, the release time of ST-SAP
absorbing mixed saline solution was measured. The result showed that ST-SAP
prolonged the water retention time of mixed saline solution by 20 h (Figure 2.10a).
Water presented three states in ST-SAP: free water, freezable bound water, and non-
freezable. While free water was lost at first by evaporation, freezable bound and non-
freezable water directly or indirectly forming hydrogen bonds with hydrophilic groups
in ST-SAP structures, making their release more difficult than that of free water.
Freezable bound and non-freezable water are important factors contributing to water
retention properties. An excellent slow-release water properties of ST-SAP under high
salt conditions was obtained (Figure 2.10a).
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Figure 2.10. (a) Water retention time after adsorbing mixed saline solution. (b) Water retention
properties applying to high salinity soil

2.3.5.2 Water retention properties applying in saline-alkali soil of high
salinity

ST-SAP was added to Lop Nur saline-alkali soil, and the water retention time was
evaluated. Compared with the blank control, the soil moisture retention time was
prolonged to 28 days after adding ST-SAP (Figure 2.11b). This can be attributed to the
favorable slow-release water characteristic of ST-SAP, as discussed in section 3.5.1. In
contrast to previous studies, the moisture retention time of carboxylated nanocellulose
superabsorbent polymer prepared by Ruth (Barajas et al., 2022), was 25-33 days for
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soils with lower salinity (14 mg/Kg Na®, 156 mg/Kg K*, 521 mg/Kg Ca?*, and 139
mg/Kg Mg>"). FGB (C. Liu et al., 2020) kept 11.5 days at 50 °C. With 4 wt% CHCAUR
(Narayanan et al., 2018), soil kept moisture for 17 days at 35 °C. NaHMC-g-P (AA-co-
AMPS)/laterite ST-SAP (Cheng et al., 2019) kept for 100-120 h at room temperature.
Therefore, ST-SAP is highly effective in improving moisture retention of saline soil.

The morphologies of the two soil groups were observed (Figure 2.11) after the soil
samples reaching a constant weight. The soil with ST-SAP was encased in the polymer,
which may further reduce soil moisture evaporation (Figure 2.11d).

In addition, ST-SAP facilitates the formation of large soil aggregates, resulting in
a change in the original dense structure of soil (Figure 2.11c¢). The loose and porous soil

structure facilitated the transport of water, nutrients, air, and dissolved organic carbon
(Kraychenko et al., 2019). It indicates that the application of ST-SAP in saline-alkali
land not only inhibited the evaporation of water but also improved the soil quality.

Figure 2.10. Soil photographs after complete water evaporation. (a-b) Soil without ST-SAP ((a)
photo taken with a camera;(b) SEM image). (c-d) Soil with 2%(wt) ST-SAP ((a and c) photos taken
with a camera; (b and d) SEM images). ST-SAP: the salt-tolerant superabsorbent polymer (ST-SAP);
SEM: Scanning electron microscope
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2.4 Conclusions

This research, in essence, comes to the following conclusions.

(1) With the three strong hydrophilic groups (R-SOsH, R-COOH, R-CONH3), ST-
SAP has excellent swelling ability, which reaches up to 69.04 g/g under high salt
condition.

(2) ST-SAP can effectively realize multiple reswelling under high salt condition.

(3) The complexation reaction between Ca** and three hydrophilic groups of ST-
SAP contributes to its remarkable stability under high salt condition.

(4) With 2 wt% ST-SAP, the moisture of saline-alkali soil could be prolonged to
28 days.

These findings highlight the strong potential of ST-SAP for practical applications
in saline-alkali land management and agricultural water conservation.

The main content in this chapter was published:
v' Zhang C, Garcia-Meza JV, Zhou KQ, et al. Superabsorbent polymer used for
saline-alkali soil water retention[J]. Journal of the Taiwan Institute of Chemical
Engineers, 2023, 145: 104830. (JCR Q1; IF=6.3). (JCR Q1; IF 6.3)
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Chapter III. Occurrence of biocrusts and their positive effects on
microbial nutrient cycling on phosphogypsum

3.1 Introduction
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Chapter IV. Montmorillonite as an “accelerator” for the
microbial carbon pump during artificial biocrust construction

4.1 Introduction

The desertification of land has been intensified in the las year, resulting in 21% of
the global land desertified (F. Yang et al., 2023). Because the organic carbon of solil
(SOC) has a vital role in strengthening soil structure and maintaining key
biogeochemical functions, its input is essential to restore desertified lands (Chen et al.,
2023). This goal could be achieved using microorganism (Liang and Balser, 2011; H.
W. Wu et al., 2024). In recent years, the microbial carbon pump (MCP) theory has
gained increasing attention (Feng and Wang, 2023; Jiao et al., 2024). According to this
theory, microbes convert labile organic matter into stable organic carbon through ex
vivo modification and in vivo turnover, underscoring their crucial role in SOC
sequestration (Liang et al., 2017). In desertified regions, biological soil crusts (biocrusts)
function as essential components of the MCP (Weber et al., 2022; W. Xu et al., 2024).
Composed of microorganisms, microbial secretions, and inorganic soil particles,
biocrusts act as ecosystem engineers in these fragile environments (Cheng et al., 2021;
Lan et al., 2014). However, the natural formation and development of biocrusts is a
slow process (X. B. Zhou et al., 2020). Compared to natural biocrusts, artificial
biocrusts significantly reduce the time required for formation, making them an area of
growing research interest (Xie et al., 2024). The development of artificial biocrusts
involves culturing cyanobacteria, lichens, or mosses from natural biocrusts under
controlled conditions to increase biomass, followed by their inoculation onto arid or
semi-arid lands. Current research has primarily focused on the biological aspects,
including large-scale microalgae cultivation, improving the environmental adaptability
of inoculated algae, and assessing their effectiveness in soil rehabilitation (Giraldo-
Silva et al. 2019; Wang et al. 2020; Zhao et al. 2023). However, limited studies have
explored strategies for accelerating biocrust development and enhancing SOC
accumulation by modifying the abiotic components of the system.

Inorganic minerals, particularly the clay minerals, Fe (II)-Al (IIT)-oxides, and Fe
(IT)-Al (IIT)-hydroxides, play a critical role in SOC accumulation dynamics (Chen et
al., 2022; Kleber et al., 2021). In the recent study, Wu et al. (2023) introduced the
"active mineral pool" model, which outlines the influence of minerals on soil organic
matter through biological, chemical, and physical processes. However, in hybrid
systems such as biocrusts—where microorganisms interact with inorganic minerals—
the role of inorganic components has often been overlooked (Weber et al. 2022). Clay
minerals, as a major constituent of fine soil and sediment particles (Kleber et al.,
2021), are particularly important in biocrust formation, as fine-grained particles
facilitate their development (Zhao et al., 2021b). Studies have demonstrated that clay
minerals effectively promote biocrust growth (Zhou et al. 2023). Therefore, this study
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aims to further investigate the role of clay minerals in SOC accumulation within
artificial biocrusts.

Montmorillonite is a representative clay mineral, known for its dual role in SOC
dynamics—protecting SOC (Arthur et al., 2023) and influencing microbial community
evolution (Jiang et al., 2022). Microcoleus vaginatus, a stress-resistant cyanobacteria,
is widely used as an inoculum for artificial biocrust formation (J. Wang et al., 2020).
Based on this, montmorillonite was co-inoculated with M. vaginatus in this study to
construct artificial biocrusts under laboratory conditions. To assess the influence of
montmorillonite on SOC accumulation within the artificial biocrust system, key
parameters were measured, including SOC content, microbial biomass carbon, SOC
stability, and SOC mineralization. Additionally, high-throughput sequencing of the 16S
rDNA gene and internal transcribed spacer (ITS) region was performed to analyze
changes in microbial community structure and function. This study aimed to elucidate
the role and mechanisms of clay minerals, particularly montmorillonite, in the biocrust
carbon pump and to explore effective strategies for restoring desertified lands.

4.2 Materials and methods

4.2.1 Montmorillonite and algal solution preparation

A of high purity montmorillonite, Nao3AL[(Si, Al)4010](OH)2:2H>O (Chifeng
Ningcheng Bentonite Co., China), and pretreated by ion exchange to obtain Na-based
montmorillonite. Specifically, the montmorillonite was mixed with ultrapure water at a
solid-to-liquid mass ratio of 1:20 and stirred for 3 h at 1000 rpm min™!, followed by
centrifugation to remove impurities. The purified montmorillonite was then subjected
to ion exchange by immersing it in 1 M NaCl to solid-to-liquid mass ratio of 1:20 and
stirring at 90 °C for 3 h with water bath heating, followed by centrifugation at 1000 rpm
min™ for 5 min. The resulting Na-based montmorillonite (hereafter referred to as
montmorillonite) was characterized by XRD analysis (Figure S4.1), and its structure
was identified as Nao3Al[(Si, Al)sO10] (OH)2:2H2O (JCPDS 1no0:43-0688). The
physical and chemical properties of the montmorillonite are presented in Table S4.1.

Microcoleus vaginatus (PCC 9802) was isolated from natural biocrusts in the
Qubqi Desert as described by Xie et al. (2007). The stock culture was grown within

BG-11 medium in a light incubator at 25 + 2°C with a radiation of 40 p E m=% s~ and

a light-dark ratio of 14:10 (L. Wu et al., 2022). The bulk algal biomass was disrupted
by a liquidizer (BG-JS2, Midea, China), and the suspension was diluted with sterile
water to obtain a homogeneous solution with a chlorophyll a (Chl-a) concentration of
7.3 pg mL!,

4.2.2 Experimental design
Montmorillonite and M. vaginatus were inoculated into cylindrical culture dishes
with a radius of 150 mm and a height of 15 mm. 200 g of sandy soil was dispersed
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evenly on the bottom of the dishes. The sandy soil was sourced from the Kubuqi Desert:
certain physical and chemical characteristics of the sample are detailed in Table S4.1.
The experimental groups were divided into six categories. Four experimental
microcosms were mixed with 30 mL microalgal solution (with a 7.3 pg mL!
concentration of Chl-a) and montmorillonite at 0, 0.7, 1.2, 1.4, and 2.1 g dm™, referred
to hereinafter as 0-M, 0.7-M, 1.4-M, and 2.1-M, respectively. Additionally, two control
check (CK) groups were established: CK-M and CK-Soil, where CK-M had no
microalgal solution but 2.1 g dm™ of montmorillonite, while the CK-Soil group was
bare sand. Six replicates were prepared of each microcosm. After inoculation, each dish
received 10 ml of BG-11 nutrient solution and was cultured for 84 days without the
addition of further nutrient. Ultrapure water was added during the cultivation process
to maintain 60% of the water holding capacity, and samples were collected periodically
(days 0, 7, 14, 28, 42, 56, 84).

4.2.3 Physical and chemical analyses

The pH was determined at a soil: water ratio of 1:5 (w/v) employing the S20
SevenEasy pH meter (Mettler Toledo, OH, USA) (Rakhsh et al., 2020). The cation
exchange capacity (CEC) of the samples was measured using the hexamine cobalt
trichloride solution extraction method (Ciesielski et al., 1997). The crystal structure of
the treated montmorillonite was characterized via an X-ray diffractometer (XRD)
(Empyrean, Netherlands). The particle size of montmorillonite and sandy soil were
characterized by a laser particle size analyzer (Malvern, Mastersizer 2000, UK). The
microstructures of the biocrusts were visualized by scanning electron microscope
(Phenom 6.0, Thermo Fisher Scientific, US).

SOC content was determined using the dichromate oxidation method (Walkly,
1934; Z. Xue et al., 2024), while total I (TP) and available I (AP) were quantified using
the alkali fusion-Mo-Sb anti-spectrophotometric method, and the NaHCaOs3 solution-
Mo-Sb anti-spectrophotometric method, respectively (Tan et al., 2023). Available N
(AN) was measured using the alkali dissolution diffusion method (Wang et al. 2024).
Total C (TC) and total N (TN) were analyzed using an elemental analyzer (Isoprime
Ltd, Germany).

4.2.4 Physiological measurements

Chlorophyll a (Chl-a) was determined using the ethanol extraction method
(Mugnai et al., 2018; Zhao et al., 2021a) based on Eq. (1). Microbial biomass carbon
was extracted using the chloroform-fumigation-extraction method with an experimental
conversion factor (E) of 0.45 for calculating microbial biomass carbon (Vance et al.,

1987).

Chlorophyll a concentration (ug cm™?) = MSA%SXV (Eq. 1)

where ¥ (mL) and S (cm?) represent the volume of ethanol and the sampling area,
respectively.
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4.2.5 Determination of SOC mineralization and stability
Biological stability, chemical stability, and molecular structure stability are
commonly used as indicators for evaluating SOC stability (Hou et al., 2019; Plante et
al., 2011). Biological stability is assessed by the mineralization of SOC (Kallenbach et
al., 2016). As described by Francaviglia (Francaviglia et al., 2017), a 25-day cultivation
period was carried out for the six experimental microcosms in sealed light-shielded
containers. Subsequently, several indicators related to SOC mineralization were
computed, including basal respiration (Cpas), cumulative respiration (Ccum), metabolic
quotient (qcoz), and mineralization quotient (qm). The biological stability (Shiologicar) Of
the six experimental microcosms was determined as:
Shiological =1-qm (Eq. 2)
chemical stability (Sciemica) Was assessed using the water bath method (Hou et al.,
2019). SOC content in the soil samples before and after treatment at 70 °C was
measured. The chemical organic carbon index of the system was calculated as the ratio
between SOC before and after (SOCprefore and (SOCyfier, respectively) assays, as:
Schemical = SOCafter/SOCpefore (Eq. 3)
The molecular structure stability (Smotecuiar) Was characterized using solid-state *C
NMR technology. Following established methods (Prietzel et al., 2018), Gaussian
fitting was applied to the C NEXAFS spectra obtained for the different carbon peaks:
namely, carboxyl C, aryl C, oxygen-alkyl C, and alkyl C, denoted by peak areas P;, P>,
Ps and Py, respectively. The comprehensive molecular structure stability index was
determined by the ratio of aryl C, alkyl C, and oxygen-alkyl C, as shown in Eq. (4). The
proportion of carboxyl C (Pearvoxyr) Was used to reflect the ability of clay minerals to
bind SOC (Curti et al., 2021; Gu et al., 1994), which was calculated by:
Smotecular = (P2+P4)/P3 (Eq. 4)
Pearboxyt = p1/(p1+p2+p3+ps) (Eq. 5)

4.2.6 High-throughput sequencing and analysis

DNA was extracted using the MagaBio DNA Soil Kit (Bioer Technology, CHN).
The concentration and purity of DNA were measured using NanoDrop One (Thermo
Fisher Scientific, USA). Polymerase chain reaction (PCR) amplification targeted the
16S rDNA V3V4-1 bacterial region and the ITS2 fungal region, using forward and
reverse primers 338F (5-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-
GGACTACHVGGGTWTCTAAT-3") for bacteria, as well as ITS3-F (5'-
GCATCGATGAAGAACGCAGC-3") and ITS4-R (5'-
TCCTCCGCTTATTGATATGC-3") for fungi. Databases were established following
the standard procedure of the NEBNext Ultrall DNA Library Prep Kit for Illumina
(New England Biolabs, USA). The amplified sequences were sequenced using PE250
on the [llumina Nova 6000 platform. The processed sequence data were clustered into
operational taxonomic units (OTUs) at a 97% sequence similarity threshold (Lu et al.,
2024; Wang et al., 2023). The OTUs for bacteria and fungi were aligned with the Silva
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database and Unite database, respectively, to generate species information tables. Alpha
diversity analysis was conducted based on the abundance table of OTUs.

4.2.7 Statistical analyses

The data were tested for significance using a one-way analysis of variance
(ANOVA) (Duncan’s multiple ranges; p < 0.05) using SPSS 20.0 (IBM, USA).
Additionally, the correlation relationships between SOC and various indicators were
examed using Pearson correlation and the Mantel test.

4.3 Results

4.3.1 The growth of microorganisms
(a) (b)
Time 0-M 0.7-M 1.4-M 2.1-M CK-M CK-Soil 12
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Figure 4.1 Changes in the six microcosms over time (a). Changes in Chl-a (b) and microbial

biomass carbon (c) over time. Different letters assigned to values denote statistically significant
differences (p < 0.05). Error bars denote standard deviations. Chl-a: chlorophyll a; d: day

Figure 4.1a illustrates the temporal evolution of the six microcosms. In particular,
the 1.4-M and 2.1-M microcosms exhibited deepening of the green color by the 7th day,
followed by a continuous intensification of coloration. By day 42, microbial
communities became visible in the CK-M and CK-Soil microcosms due to the airborne
spread of microorganisms. Chl-a serves as a robust indicator for assessing
photosynthetic microorganisms (Lan et al., 2011). As shown in Figure 4.1b,
montmorillonite, particularly at an area mass density exceeding 1.4 g dm, significantly
stimulated the proliferation of photosynthetic microorganisms (p < 0.05). Furthermore,
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microbial biomass carbon is commonly employed as a proxy for microbial biomass
(Finstad et al., 2023; Ning et al., 2021). The notable increase in microbial biomass
carbon suggested that montmorillonite (> 1.4 g dm™) significantly accelerated

microbial growth (p <0.05) (Figure 3.1c).

4.3.2 The stability of SOC

Table 4.1 Indicators of SOC mineralization in each experimental microcosm

Parameter 0-M 0.7-M 1.4-M 2.1-M CK-M CK-Soil

. chas.cm_z 0.047+  0.050+ 0.35+ 0.040+  0.044+  0.045+
gsoﬂ‘f‘(’lﬁl) 0.006a  0.030a 0.001a 0.004a  0.007a  0.010a
Ceum 0269+ 0239+ 0271+ 0300+  0.1546+  0.269+

(mg Ccorrem2soil)  0.040a  0.019b  0.048b 0.017b  0.032¢c  0.04lc
(g Co g 00105 00025 0001 000I: O 0.006+
£ éo?_l) 0.007a  0.000c 0.000c 0.000c 0.002b
%) 31447+ 14274+ 10930+  9.476+  13.04+  16.143+

Am Lo 3.684a  2.163bc  0.890cd 1.695d  2.7abc  3.923b

Note: Cpas: basal respiration, Ceum: cumulative respiration, qco2: metabolic quotient, qum:

mineralization quotient, CK: control check
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Figure 4.2. gM (a) and C NEXAFS spectrum (b) on day 84. Different letters assigned to values
denote statistically significant differences (p < 0.05). Error bars denote standard deviations. qM:
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Mineralization quotient. The chemical shift regions 10-45, 45-110, 110-160, and 160-220 ppm
represent alkyl C, O-alkyl C, aryl C, and carboxyl C, respectively

Table 4.2 Stability of soil organic carbon (SOC) in two experimental microcosms, 0-M and 1.4M

Type 0-M 1.4-M
Biological stability (%) 68.55 90.52
Chemical stability (%) 78.68 92.67
Molecular structural stability (%) 78.11 98.05

As the main path of SOC consumption (Breidenbach et al., 2022; Fu et al., 2022),
SOC mineralization was also measured. Co-inoculation of montmorillonite and
microalgae, particularly in the 1.4-M and 2.1-M microcosms, significantly reduced Cpas,
Cecum, qcoz, and qm within the biocrust system (p < 0.05) (Figure 4.2a, Table 4.1). The
value of qu serves as a direct indicator of SOC mineralization (Francaviglia et al., 2017).
Figure 4.2a shows a noticeable trend in which decreased mineralization of SOC
correlates with increased addition of montmorillonite.

Table 4.2 illustrates that the biological, chemical, and molecular structure
stabilities of the 1.4-M microcosm exceed those with inoculated algae. Furthermore,
the higher the content of carboxyl C, the stronger the binding ability of SOC with
minerals (Curti et al., 2021; Gu et al., 1994). Figure 4.2b shows that the 1.4-M
microcosm has a higher carboxyl carbon content. Recalcitrant carbon (aryl C) also
exhibited a higher content in 1.4-M (Figure 4.2b) due to the specific adsorption of aryl
C on clay (Rakhsh et al., 2020). The results indicate that the addition of

montmorillonite (= 1.4 g dm™) significantly enhanced the stability of SOC.
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4.3.3 SOC accumulation
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Figure 4.3 Changes in SOC content over time. (a) Significance analysis between six experimental
microcosms at different time points; (b) Significance analysis of each microcosm at each time point;
(c) The increase in SOC relative to original SOC at day 84. Different letters assigned to values
denote statistically significant differences (p < 0.05). Error bars denote standard deviations. SOC:

soil organic carbon, CK: control check

During the 84-day culture period, the SOC dynamics of the six experimental
microcosms exhibited an unconventional trend of initial decline followed by a
subsequent increase (Figs. 4.3a and 4.3b). During the initial 0-14 days, the rate of
nutrient consumption outweighed early SOC formation. Subsequently, from days 14 to
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84, a pronounced increase of SOC occurred, with the 1.4-M and 2.1-M microcosms
exhibiting maximum SOC content. The SOC content reached a stabilized phase during
days 56-84 (Figure 4.3b). Additionally, it should be noted that the SOC content in the
CK-M microcosm was markedly lower than that in the 0-M microcosm, indicating the
irreplaceable role of microorganisms in the carbon pump as Chao proposed (Liang et
al., 2017). On day 84, SOC content in the 1.4-M and 2.1-M microcosms exceeded that
of the 0-M by 3.5-4.0 times (Figure 4.3¢), demonstrating the accelerating effect of
montmorillonite on the accumulation of SOC in artificial biocrusts. Furthermore, there
was no significant difference in SOC accumulation and growth between the 1.4-M and
2.1-M microcosms, indicating that 1.4 g dm™ is the optimal dosage for the addition of
montmorillonite.
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4.3.4 Microbial structure succession
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Figure 4.4 Scanning electron microscope (SEM) pictures of experimental microcosms 0-M (a), 0.7-
M (b), 1.4-M (¢), 2.1-M (d), CK-M (e), CK-Soil (f). CK: control

If the montmorillonite added exceeded 1.4 g dm™, the filamentous microorganisms

decreased significantly and were replaced by spherical microorganisms (Figure 4.4).
Interestingly, the microcosms with montmorillonite (= 1.4 g dm™) exhibited the house-
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of-cards structure (P. Li et al., 2022), with abundant microorganisms inhabiting it
(Figure 4.4c and Figure 4.4d).

Table 4.3 Alpha diversity indices of bacteria in experimental microcosms.

Observed

Microcosm Shannon Simpson ACE chaol cover
features
0-M 817.33+ 3.12+ 0.68+ 822.61+ 818.94+ 1.00+
114.61ab 0.26ab 0.05a 115.66ab 115.18ab 1.20x10-abc
0.7-M 560.67+ 227+ 0.52+ 565.39+ 562.51 1.00+
126.34b 0.21b 0.02 129.20b +128.24b 5.72x10ab
1.4-M 952.67+ 4.00+ 0.70+ 959.36+ 954.52 1.00+
) 195.31a 1.01a 0.16a 197.30a +196.10a 5.87x107¢
2 1-M 1027.00+ 4.12+ 0.71£  1032.11+ 1028.36 1.00+
) 108.40a 0.85a 0.14a 108.56a +108.60a 7.00x10bc
CK-M 569.67+ 2.10+ 0.59+ 571.52+ 569.91 1.00+
59.37b 0.08b 0.04a 59.58b +59.37b 3.50x10%a
. 586.67+ 2.60+ 0.59+ 591.10+ 587.83 1.00+
CK-Soil

214.17b 0.18b 0.03a 217.34b +215.33b 4.81x107ab

Note: Different letters assigned to values denote statistically significant differences (p < 0.05). CK:
control check

Table 4.4 Alpha diversity indices of fungi.

Microcosm Observed Shannon Simpson ACE chaol cover
features
72.00+ 087t 023+ 72.00+ 72.00+
0-M 20.66b 034bc  0.1l1bc  20.66b 20660  1-00+0.00
67.00% 119 036+ 6733+ 6733+
0.7-M 9.00b 0.16b  0.06b 9.45b 9.4s5p  1-00£0.00
53.67+ 0465 0.12+ 53.67+ 53.67+
1.4-M 9.71b 022 0.07cd 9.71b 9.71b 1.000.00
43.00+ 030+ 0.06= 43.00+ 43.00+
2.1-M 13.08b 0.02c  00lc 13.08b 13.08p  100£0.00
132676 0.80+  0.19+ 132.67+ 132.67+
CK-M 280lab  0.1bc  0.04cd  28.0lab 28.01ab 100000
CK-Soil 217'0(3)1[106'2 2.93+0.642 0.72+0.08a 217'0(3”;06'2 217.00+106.23a 1.00£0.00

Note: Different letters assigned to values denote statistically significant differences (p <0.05). CK:

control check
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Figure 4.5 Common and unique OTUs of bacteria (a) and fungi (b) at the genus level. The
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We also investigated the microbial community structure of the six microcosms. A
total of 24,526 sequences from 18 samples were acquired by 16S rDNA technology.
The high coverage (>99%) indicated that the sequencing depth was sufficient to
describe the bacterial community of each sample (Table 4.3) (Wang et al., 2023). The
Venn diagram illustrated that the OTUs shared among the six microcosms constitute
only 7.77-12.93% (Figure 4.5a), suggesting the profound impacts of algae and
montmorillonite on soil bacterial community structure (Jia et al., 2021). The alpha
diversity metrics Shannon, Simpson, ACE, and Chaol indices indicated increased
bacterial community diversity and richness in systems supplemented with 1.4 g dm™
and 2.1 g dm montmorillonite (Table 4.3).

Additionally, ITS2 technology was used to generate a total of 2268 sequences from
18 samples, achieving high coverage (>99%) and adequate sequencing depth to
characterize the fungal community within each sample. Analysis of Venn diagrams
(Figure 4.5b) and alpha diversity revealed an apparent inhibition of fungal abundance
and diversity after algae inoculation and montmorillonite addition (Table 4.4). The
bacteria and fungi within the six microcosms appeared to demonstrate a phenomenon
of mutual growth and decline.

A total of 29 bacterial phyla and 652 bacterial genera were identified across all
samples. Cyanobacteria, Abditibacteriota, and Planctomycetota emerged as dominant
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bacterial taxa (Figure 4.5¢). In particular, the addition of montmorillonite resulted in a
reduction in the dominant proportion of Cyanobacteria while increasing the abundance
of Abditibacteriota. Abditibacteriota is recognized for its prevalence in extreme
terrestrial environments and has remarkable adaptability to low-nutrient conditions
(Tahon et al., 2018). At the genus level, the addition of montmorillonite significantly
decreased the dominant proportion of Microcoleus, a genus of filamentous algae that
includes the original inoculated algae (Figure 4.5d). According to previous studies
(Mugnai et al., 2024b; Zhao et al., 2024), the microbial community structure of
biocrusts changes during succession, with the dominance of Cyanobacteria being
replaced, indicating that the biocrust system has undergone succession. In the group
with montmorillonite, the decrease in the abundance of Microcoleus vaginatus or its
homologous algae suggests that the addition of montmorillonite may have further
promoted succession in the biocrust. Montmorillonite also promoted the proportion of
Aridibacter (Figure 3.5d), commonly found in alkaline clay environments (Huber et al.,
2014). These results reflect the regulating action of montmorillonite on the structure of
biological communities.

A total of eight fungal phyla and 42 fungal genera were identified across all
samples. At the phylum level, Chlorophyta and Ascomycota exhibited absolute
dominance as the primary fungal taxa (Figure 4.5¢). At the genus level, Nephroselmis
emerged as the predominant genus in all experimental microcosms except for the CK-
Soil (Figure 4.5f). In particular, the genus is characterized by large pyrenoids and
thylakoid-pyrenoid complexes within bacterial cells, indicative of exceptionally high
CO: enrichment and adaptive photosynthetic structures (Cheng et al., 2018).
Nephroselmis exhibited the highest abundance percentage in the 1.4-M and 2.1-M
microcosms, with an average abundance ratio of 94.67-97.33%.

Table S2 shows that 1.4-M and 2.1-M exhibited notable advantages of the ability
of photoautotrophy-Cyanobacteria, phototrophy, photosynthesis, and photosynthesis-
antenna proteins. It was mutually confirmed by the promoting effect of montmorillonite
on photosynthetic microorganisms.

Overall, montmorillonite significantly regulated the microbial community
structure, leading to a notable growth of photosynthetic microorganisms and
oligotrophic-adapted microbes. Furthermore, the 1.4-M and 2.1-M microcosms
exhibited higher photosynthetic capabilities.

4.4 Discussion

4.4.1 The accelerating effect of montmorillonite on microbial growth

The results show the accelerating effect of montmorillonite on microbial growth,
primarily attributable to the following factors (Figure 4.1). Firstly, fine-grained
particles facilitate the colonization and growth of microorganisms, particularly
Cyanobacteria (Zhao et al. 2021; Faist et al. 2020). The fine particle advantage of
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montmorillonite (Table S4.1) undoubtedly contributes to accelerating the growth of
microbial communities within artificial biocrusts.

Secondly, prior studies (Hartmann and Six, 2023; Wu et al.,, 2023) have
highlighted that spatial heterogeneity enhances microbial abundance and diversity. The
unique house-of-cards structure (Benna et al., 1999) of montmorillonite creates pore
spaces that not only absorb essential water, oxygen, and nutrients for microbes to grow
but also establish diverse microenvironments, promoting both microbial abundance and
diversity. As a typical clay, montmorillonite contains numerous trace elements (such as
Na, Mg, Mn, and Fe), which are essential as electron donors, terminal electron
acceptors (Kleber et al., 2021; X. Yang et al., 2021), cofactors, or vital nutrients for
bacterial physiology (Uroz et al. 2015; Yang et al. 2023; Tan et al. 2023).

Furthermore, the availability of soil surface water is crucial for algal crust growth
(Zhou et al. 2023; Xu et al. 2023): the strong hydration effect of montmorillonite can
extend the duration of soil surface water availability (Chen et al., 2024), ensuring
sustained water availability for biocrusts inhabiting shallow soil layers.

Indoor experiments have shown that montmorillonite is a highly promising
additive for the development of biocrusts. However, for complex real-world desertified
land, much more work is needed in the future.

In real-world desertified land, rainfall is typically irregular, and soils in desertified
regions are predominantly sandy, characterized by high permeability and poor water
retention (Fattahi et al., 2020). Montmorillonite, known for its strong hydration
capacity, is often incorporated into superabsorbent hydrogels and could potentially
reduce permeability and improve water retention in desertified soils (Etemadi Baloch
et al., 2021). Current views on the impact of biocrusts on runoff are inconsistent, with
pore clogging and water repellency identified as two major factors influencing runoff
generation (Kidron et al., 2022). Could the hydrophilicity and water absorption capacity
of montmorillonite make the impact on runoff more significant? Under natural
conditions with irregular rainfall, the influence of montmorillonite on microbial
development within biocrust systems, as well as its effects on soil permeability and
runoff in desertified soils, undoubtedly warrants further investigation.

Extreme precipitation events are becoming increasingly frequent in desertified
areas (Zhang et al., 2024), and intense rainfall causes severe disturbances to the surface,
significantly hindering the sustained development of biocrusts. Given its strong
hydration capacity, ion exchange properties (Song et al., 2019), and colloidal
characteristics, montmorillonite can enhance the adhesion performance of certain
binders (Sun et al., 2021). Could montmorillonite aid biocrusts resisting the impact
of extreme rainfall? Furthermore, could xanthan gum, Na, alginate, or similar
compounds be incorporated into montmorillonite to produce polymer-based sand
stabilizers (Khaleghi and Heidarvand, 2023), further improving resistance to
disturbances from more complex environmental factors?
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4.4.2 The optimization effect of montmorillonite on the microbial community

The addition of montmorillonite was shown to induce significant changes in the
microbial community structure.

At the bacterial phylum level, the proportion of Cyanobacteria in the
montmorillonite -microalgae co-inoculation microcosm decreased. However, the
results of the functional annotation revealed that the addition of montmorillonite (> 1.4
g dm?) increased photosynthesis-Cyanobacteria ability. This indicates that

montmorillonite only preferred Cyanobacteria with photosynthesis ability, consistent
with the research result of Tan et al. (2022). Furthermore, the proportion of
Abditibacteriota increased. This could be attributed to the stronger stability (Figure 4.2)
and the difficulty in decomposing SOC in montmorillonite-based biocrusts, making the
oligotrophic adaptive microorganisms in the microbial community more adaptable
(Tahon et al., 2018).

Regarding fungi, the addition of montmorillonite amplified the abundance of
Chlorophyta, characterized by chloroplasts akin to those of higher plants and with
robust photosynthetic capabilities (Murik et al., 2024). At the genus level,
montmorillonite (> 1.4 g dm™) augmented the abundance of Nephroselmis to more than
94.67%, exhibitings efficient CO; absorption and photosynthesis ability (Cheng et al.,
2018). Both indicate the selectivity of montmorillonite-based biocrusts towards
microorganisms with strong photosynthesis activity. This was also confirmed in the
function of microbial communities (Table S4.2).

These observations underscore that montmorillonite (> 1.4 g dm™) effectively
modulates the microbial community, especially favoring the proliferation of
phototrophic microorganisms with strong photosynthetic capabilities. Moreover, the
current study has only studied the effects of montmorillonite on microbial community
structure during the period of SOC accumulation stability. Future research should
expand the time scale and spatial range to study the long-term dynamics of microbial
communities in montmorillonite-based artificial biocrusts and their impact on the
restoration of higher plants.

4.4.3 Montmorillonite as an accelerator for the microbial carbon pump

Microbial growth served as the primary driving force behind SOC formation
(Liang et al., 2017). The addition of montmorillonite (> 1.4 g dm™) notably accelerated
the development of biocrust (Section 3.4.1) and regulated the mass propagation of
photosynthetic microorganisms (Section 3.4.2). Stability is an important condition for
SOC accumulation (Baumann et al., 2021). The strong and selective adsorption
capacity of SOC by montmorillonite significantly enhanced its stability. By
accelerating microbial growth, regulating microbial communities, and improving SOC
stability, montmorillonite (> 1.4 g dm™) markedly promoted the accumulation of SOC
(Figure 4.3). To study the most influential factor accelerating SOC accumulation by
montmorillonite, Pearson correlation analysis assessed relevant indicators within
experimental microcosms co-inoculated with montmorillonite-microalgae. As shown
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in Figure 4.6, the Pearson coefficient between microbial biomass carbon and SOC
accumulation attains its highest value of 0.92 (p < 0.001). This indicates that microbial
mass is the predominant factor for SOC accumulation. Liang et al. (2017) proposed a
microbial carbon pump emphasizing the driving role of microorganisms in the
improvement of SOC. In the montmorillonite-based artificial biocrust system,
montmorillonite promoted microbial growth, serving as an accelerator for microbial
growth and SOC accumulation. Consequently, we explicitly propose the concept that
montmorillonite can function as an “accelerator” for the biocrust carbon pump (Figure

4.7).
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between these indicators. F-Shannon, F-Simpson, B-Shannon, and B-Simpson represent the
Shannon index of fungi, the Simpson index of fungi, the Shannon index of bacteria, and the Simpson
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Figure 4.7 Schematic diagram of montmorillonite as an “accelerator” in the biocrust carbon pump.
After montmorillonite was added, more microbial growth and SOC accumulation were observed in
the biocrust, as montmorillonite drove stronger photosynthesis and resulted in lower SOC
mineralization

4.5 Conclusions

This study aimed to investigate the impact of clay minerals on the dynamics of
SOC accumulation in artificial biocrust systems. We determined that the optimal
addition of montmorillonite was 1.4 g dm™, leading to a 3.45-fold increase in SOC
content after 84 days of cultivation. Three key findings emerged from the
montmorillonite-based artificial biocrust system. First, montmorillonite significantly
accelerated microbial growth; second, it specifically regulated microbial communities,
promoting the proliferation of photosynthetically active microorganisms; third, the
growth of microbial biomass driven by montmorillonite was the primary factor driving
SOC accumulation. Based on these results, we propose that montmorillonite acts as an
accelerator for the biocrust carbon pump during the formation of artificial biocrusts.
While this study provides valuable insights, it is limited to laboratory conditions. Future
research in natural settings is needed to examine the effects of montmorillonite-based
artificial biocrusts on processes such as water infiltration, surface runoff, evaporation,
and soil erosion in desertified areas, thereby enhancing our understanding of ecosystem
functions and biodiversity under desert environmental conditions.
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Chapter V. Differences in soil organic carbon accumulation
process between two typical clays based biocrusts

5.1 Introduction

Desertification is rapidly intensifying, with desert areas now covering more than
one-fifth of the global land area (F. Yang et al., 2023). Soil organic carbon (SOC) plays
a vital role in building resilient soil structures and ensuring optimal biogeochemical
functions, making it essential for the restoration of desert regions (Chalchissa and Kuris,
2024; Chen et al., 2023; Li et al., 2023; Wu et al., 2023). Microorganisms are the
primary drivers of SOC formation in biocrusts (Liang et al., 2017). Biocrusts are
complex associations of organic microorganisms and inorganic soil minerals, providing
crucial ecological functions such as fertilization, sand fixation, and supporting
vegetation recovery (Garcia-Carmona et al., 2020; Romén et al., 2020; Zhang et al.,
2022). Notably, biocrusts cover approximately 30% of the global dryland surface and
are a dominant form of ground cover (Weber et al., 2022). Photosynthetic autotrophs
within biocrusts capture atmospheric CO2 through photosynthesis, which is then used
to form SOC. One study found that cryptogamic covers, including biocrusts, sequester
590 Tg/a of carbon in grasslands and deserts (Maier et al., 2018). Therefore, biocrusts
are a significant contributor to SOC accumulation in desert areas.

SOC accumulation is influenced by both the formation and accumulation
processes of SOC. The role of minerals in enhancing SOC stability through mechanisms
like adsorption, encapsulation, and aggregation is well-documented (Wu et al., 2023;
Xiao et al., 2023). The ability of minerals, especially clay minerals, to stabilize SOC is
critical for its accumulation in various ecosystems, including oak forests, paddy soils,
broadleaf forests, and shrubland grasslands (Jeewani et al., 2021; Liang et al., 2023; B.
Wang et al., 2021; C. Wei et al., 2021). For SOC formation, microbial growth is a key
driver (Liang et al., 2017). Previous research has highlighted that minerals and rocks
provide physical support for microorganisms and plants, while also playing a role in
nutrient cycling, soil fertility, and water quality. From an evolutionary standpoint,
microbial colonization of minerals is a well-established strategy. Additionally, smaller
clay minerals facilitate microbial colonization (Uroz et al., 2015; Wu et al., 2023; X.
Yang et al., 2021). A study by Zhou et al. (2023) demonstrated that clay minerals
enhance biocrust development by prolonging the water infiltration time on the soil
surface.

Clay minerals are primarily categorized into 1:1 type and 2:1 type (Boumaiza et
al., 2020). Kaolin and montmorillonite (MMT) are representative examples of 1:1 and
2:1 type clays, respectively ( Zhang et al., 2022). Compared to 1:1 type clay, 2:1 type
clay has a larger specific surface area (SSA) and higher cation exchange capacity (CEC),
which are generally associated with a stronger adsorption potential (Six et al., 2002).
While some studies have explored the relationship between these two types of clay and
SOC (Han et al., 2016) most have focused on the stabilizing effects of clay on SOC,
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often overlooking the role of clay in microbial growth or SOC formation (Jing et al.,
2022; Liu et al., 2023). Furthermore, there are still some contradictions in current
research regarding the effect of two different types of clay on the stability of SOC (Han
etal., 2016). As Wattel - Koekkoek et al. (2003) suggested, compared to kaolin, MMT
significantly reduces the turnover rate of SOC and improves its stability. However, Xu
et al. (2024) found that kaolin significantly reduced the mineralization rate of glucose
and enhanced the accumulation of SOC. Therefore, more research is needed to better
understand how different clay types influence the formation, stability, and
accumulation of SOC.

The role of clay minerals in facilitating SOC formation and stabilization has been
well-documented in various ecosystems, yet their significance in biocrust systems
remains largely overlooked. Additionally, the effects of 1:1 and 2:1 type clays on SOC
stabilization continue to be a topic of debate. Based on this, we propose the hypothesis
that clay minerals may enhance SOC accumulation in artificial biocrusts by promoting
both its formation and stability.

To investigate this, we examined the influence of kaolin (a 1:1 type clay) and
montmorillonite (MMT, a 2:1 type clay) on SOC dynamics by co-inoculating them with
Microcoleus vaginatus and cultivating the biocrusts for 84 days. Microbial growth was
assessed through microbial biomass carbon (MBC), chlorophyll-a (Chl-@), and alpha
diversity. SOC stability was evaluated using biological stability (mineralization
quotient, qM), chemical stability (hot-water extractable organic carbon, HWEOC), and
molecular structural stability. Additionally, solid-state nuclear magnetic resonance (**C
NMR) spectroscopy was employed to analyze structural variations in SOC bound to the
two clay minerals. SOC content was monitored to determine the impact of different
clay types on accumulation. By elucidating the mechanisms underlying SOC formation
and stabilization in artificial biocrusts, this study provides valuable insights into
effective restoration strategies for nutrient-deficient ecosystems, such as desert
environments.

5.2 Materials and methods

5.2.1 Preparation of kaolin, MMT, sandy soil, and algal solution

Kaolin was purchased from Henan Yixiang Co., China, and washed three times
with deionized water. MMT was obtained from Chifeng Ningcheng Bentonite Co.,
China, and subjected to ion exchange and washing by being placed separately in 1 M
NaCl and deionized water at a 1:10 ratio (W/V) (Ma et al., 2004). The molecular
formulas of the two types of clay were then determined by X-ray diffractometer (XRD)
(Empyrean, Netherlands), which identified them as Nao3Al[(Si, Al)4010] (OH)2:2H20
(JCPDS n0:43-0688) and Al4(OH)s(S14010) (JCPDS n0:99-0067) (Figure S4.1). Sandy
soil was obtained from the Kubuqi Desert and its physical and chemical properties are
presented in Table S5.1.
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M. vaginatus (strain PCC 9802) was originally isolated from natural biocrusts in
the Kubuqi Desert. Pure M. vaginatus was cultivated in BG-11 medium at 10 °C as
stock cultures. Algal biomass for inoculation was prepared from stock cultures, whose
cells were homogenized with sterilized glass homogenizers to ensure an even
suspension. The algae were then cultured in BG-11 medium for 20 days under
controlled conditions, with a temperature of 25 + 1 °C and a daily light/dark cycle of
14/10 h (Zhixiang Wang et al., 2025). [llumination during the light period was provided
by cool-white fluorescent light at 40 uE-m-s™), as described by Wu et al. (2022). The
final large blocks of algae were crushed by a liquidizer (BG-JS2, Midea, China) and
diluted with deionized water to obtain a homogeneous 3.2 pg/mL algal solution (dry
algal weight).

5.2.2 Experimental design
This study used constructed microcosms in ¢150 X 15 mm circular culture dishes.

Each culture dish was evenly spread with 200 g of sandy soil. Six experimental groups,
the Kaolin group, the MMT group, the Algae group, the control group of the Kaolin
group (C-kaolin group), the control group of the MMT group (C-MMT group), and the
control group of the Algae group (C-Algae group) were established. Six replicates of
each treatment group were prepared. The Kaolin group and the MMT group were
provided with 3.72 g of kaolin and MMT, respectively, along with 30 mL of algal
solution. (The amounts of the two types of clay to be added were determined based on
the preliminary experiment results shown in Figure S2). The Algae group was only
provided with 30 mL of algal solution. The C-kaolin group and the C-MMT group were
supplemented with 3.72 g of kaolin and MMT, respectively, without any algal solution.
In the C-Algae group, neither clay nor algal solution was added. All microcosms were
initially supplied with 10 mL of BG-11 nutrient solution. During the subsequent 84-day
cultivation period, no additional nutrients were added; only deionized water was used
to maintain a relative soil moisture of 60%, equivalent to a soil water content of 10.92%
(Wu et al., 2024). The microcosms were kept in a temperature-controlled incubator set
at 25 +2 °C, with a daily cycle of 14 h of light and 10 h of darkness. Illumination during
the light period was provided by cool- white fluorescent light at 40 uE/(m?'s). Regular
sampling was performed to measure indicators, with surface biocrusts and underlying
soil collected simultaneously during each sampling event.

5.2.3 Analytical methods

The external specific surface area (ESSA) of kaolin, MMT, and sandy soil was
determined using the Brunauer-Emmett-Teller (BET) method with N2 adsorption at 77
K. Prior to adsorption, the samples were degassed in a vacuum at 120 °C for 12 h
(Zheng et al., 2024). The total specific surface area (TSSA) of MMT was measured by
the methylene blue (MB) method (Santamarina et al., 2002). Specifically, 30 g of MMT
was added to 500 mL of deionized water and stirred at 600 rpm for 5 min using a
mechanical stirrer. Subsequently, a 10 g/LL MB solution was added dropwise. After each
addition of 20 mL of MB solution, stirring was continued at 400 rpm for 1 min. A drop
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of the solution was then taken with a glass rod approximately 8 mm in diameter and
placed on filter paper. The state of the droplet was observed. When a pale blue halo
approximately 1 mm wide formed around the droplet on the filter paper and remained
stable for 5 min without disappearing, the addition of MB solution was stopped. At this
point, the TSSA of MMT can be calculated using Equation 1. The internal specific
surface area (ISSA) of MMT was calculated by subtracting the ESSA from the TSSA.

Sresa= ﬁ CrvpVN4Ayp m% (Eq. 1)

where Cuyp represents the concentration of methylene blue (MB), equal to 10 g/L;
V' is the volume of the adsorbed MB solution, N4 is Avogadro's constant, equal to 6.02
x 102 mol™'; Ausg is the area covered by a single MB molecule, equal to 130 A?; m; is
the mass of the dry soil sample used in the test, set at 30 g; 319.87 is the molar mass of
the MB molecule.

CEC was measured using the barium chloride extraction method (Ciesielski et al.,
1997). A laser particle size analyzer (Malvern, Mastersizer 2000, Britain) was used to
determine the particle size of the three substances. The microscopic morphologies of
the six groups were examined by scanning electron microscope (SEM) (Phenom 6.0,
Thermo Fisher Scientific, USA).

The content of SOC, available N (AN), total P (TP), and available P (AP) were
determined using the K>Cr2O7 oxidation (Walkly, 1934), the alkali dissolution diffusion
method (Wang et al., 2024), the alkali fusion-Mo-Sb Anti spectrophotometric method,
and the NaHCO3;-Mo-Sb anti spectrophotometric method, respectively (Tan et al.,
2023). an elemental analyzer was used for total C (TC) and total N (TN) (Isoprime Ltd.
Germany). The pH was determined with a pHmeter (S20 SevenEasy, Mettler Toledo,
USA) at a ratio of 1:5 (W/V).

MBC was determined using the chloroform-fumigation-extraction method (Vance
et al., 1987; Yu et al., 2023). Briefly, two identical samples were placed in separate
dark sealed containers, one fumigated with CHCl; and the other not, for 24 h. Both
samples were then extracted with 0.5 M KySO4 at a ratio of 1:4 (W/V). The
experimental conversion factor (E) was determined to be 0.45 for calculation of the
result. Dissolved organic C (DOC) was measured from the control group without
fumigation (Wang et al., 2022).

Chl-a was extracted with ethanol and measured according to Mugnai et al. (2018).
Photosynthetic fluorescence parameters of the six systems were measured by a plant
efficiency analyzer (PEA, Hansatech Instruments Ltd., UK). Specifically, the test
samples were placed in the dark for more than 20 min and then exposed to a saturating
pulse of 3000 pE m 2 s™! to determine the maximum quantum yield Fy/Fr (Lan et al.,
2017; L. Wu et al., 2022) and the performance index PIags (Van Heerden et al., 2004).
Plass is a comprehensive performance parameter that reflects the overall efficiency of
the main functional steps in the photosystem II (PSII) reaction center, including light
energy absorption, excitation energy trapping, and conversion of excitation energy to
electron transport (Van Heerden et al., 2004).
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The NaOH absorption method was used to determine the mineralization process
of SOC. Specifically, the samples were placed in containers with a 0.1 M NaOH
solution, sealed, and kept away from light. After 25 days, the NaOH solution absorbing
CO», was titrated with the 0.1 M H>SOs solution. Basal respiration (Cbas), cumulative
respiration (Ccum), metabolic quotient (qCO-), and mineralization quotient (qM) were
then calculated according to Lei et al. (2017).

Hot-water extractable organic carbon (HWEOC) was determined using the water
bath method (Hou et al., 2019). Specifically, the sample was mixed with deionized
water at a 1:10 ratio (W/V). After being shaken for 30 min, the mixtures were placed
in a water bath at 70 °C for 18 h. The mixture was then thoroughly mixed on a vortex
shaker for 3 s, and the supernatant was obtained by filtering. Finally, the SOC of the
supernatant was determined. HWEOC was expressed as the percentage of SOC content
before and after treatment.

The molecular structural stability of SOC (SOColecuiar) Was characterized by *C
NMR spectroscopy. After pre-treatment with 2% HF, the spectra of the samples were
recorded on a Bruker AVANCE III 400 MHz instrument (Bruker, Germany). The
spectral range of 10 to 220 ppm was the focus of the research. According to Hou et al.
(2019), the chemical shift regions of -10-45, 45-110, 110-160, and 160-220 ppm
correspond to alkyl C, O-alky C, aryl C, and carboxyl C, respectively. The areas under
the curves for each chemical shift were defined as A-79-45, A4s-110, A110-160, and Ai60-220,
respectively. Alkyl C and aryl C are the recalcitrant carbon, while O-alky C is the labile
carbon. The proportion of carboxyl (Pearsoxyi) represents binding ability with SOC (Curti
et al., 2021; Gu et al., 1994). The proportion of alkyl C (Pay), O-alky (Po-aiky), aryl
(Parvt), Pearboxyl, and SOCporecuiar Were calculated as: Equation 2 to 6, respectively:

Paiiyt = A_10-45/(A10-45TA45.110TA110-160 A 160-220) (Eq. 2)
Po-alky = Ags.110/(A10-45TA45-110TAT10-160 A 160-220) (Eq. 3)
Pary1 = Ay 10-160/(Ac10-45TA45-110TA 1 10-160 TA 160-220) (Eq. 4)
Pearboxyl = A160-220/(A-10-45TA4s.110TA110-160 T A 160-220) (Eq. 5)
SOCumoteeutar= (P i1 TP ary)/Po-aiky (Eq. 6)

Samples were subjected to DNA extraction using the MagaBio DNA Soil Kit
(Bioer Technology, China). Polymerase chain reaction (PCR) amplification targeted
the bacterial 16S rDNA V3V4-1 region, utilizing the firwar and revers primers 338F
(5'-ACTCCTACGGGAGGCAGCAG-3) and 806R (5'-
GGACTACHVGGGTWTCTAAT-3") described by Lu et al. (2024) and Quast et al.
(2013). The establishment of a database, testing of amplified sequences, and clustering
of processed sequence data were conducted as described by Wang et al. (2023). The
final operational taxonomic units (OTUs) were aligned with the Silva database
(https://www.arb-silva.de/browser/). The ecological functions of functional bacterial
groups were annotated using the functional annotation of prokaryotic taxa
(FAPROTAX) database (S. Zhang et al., 2023).
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5.2.4 Statistical analyses

Statical analyses included significance analysis (one-way ANOVA; Duncan’s
multiple ranges (p<0.05) in SPSS 20.0 (IBM, USA), correlation analysis relationships
between ESSA, CEC, HWEOC, and qM (spearman rank correlation analysis) and
between DOC, Shannon index, and MBC (Pearson correlation) (Z. Li et al., 2021; Puth
etal., 2015).

5.3. Results

5.3.1 Influence of clay on SOC formation

5.3.1.1 Promotion effect on microbial growth

The most evident difference between the six trials, was the final color associated
to the microbial development, mainly over the surfacers after 84 days (Figure 5.1). E.g.
after 7 days, a noticeable green coloring was observed in the Kaolin and MMT groups,
while after 14 days, the Kaolin group showed higher green saturation color comparing
with MMT by day 14. Such changes are because MBC is a reliable indicator for
determining microbial biomass (Finstad et al., 2023), and in both groups MBC biomass
were significantly higher than in the other ones. From day 14 onwards, the MBC in the
remained higher in Kaolin group than in MMT group, and after 84 days, the MBC from
the Kaolin and MMT groups were 5.67 times and 4.36 times those of the Algae group
(Figure 5.2). Thus, the addition of both types of clay significantly accelerates microbial
growth (p < 0.05), and kaolin being the mineral that most stimulates its development.
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Time  Kaolin MMT

Figure 5.1. Dynamic changes during the development of microorganisms in the six treatments
tested, at different times. C- represents blank control group
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Figure 5.2. Microbial biomass carbon (MBC) after 0, 14, 42 and 84 days (d). a, b, c: significant
diferences between trials per time (p < 0.05). C- represents blank control group

The increase in Chl-a during the assays reflects the presence of photosynthetic
microorganisms (Figure 5.3a) (Mugnai et al., 2024). As the MBC (Figure 5.2), the
presence of both types of clay increases the development of phototrophs (p < 0.05) in
such a way that, the Chl-a contents in the Kaolin and MMT groups and after 84 days
increases up to 2.44 and 1.59 times, respectively, compared with the group of Algae.
This parameter alone does not reflect photosynthetic activity, therefore the associated
photosynthetic efficiency must be analyzed (see below)
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Figure 5.3 (a) Changes in chlorophyll-a (Ch-a) after 0, 14, 42 and 84 days (d); and (b) fluorescence
parameters in each trial and on day 84. F,/Fn: maximum quantum yield, Plags: overall efficiency of
reaction center in photosystem II (PSII). a, b, ¢ and d: significant variations for p<0.05. C-: blank
control group
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The maximum quantum yield (F./Fm) and the overall efficiency of the reaction
center in photosystem II (Pllags) obtained in the MMT and Kaolin groups were
significantly higher than in the others (Figure 5.3b), e.g. Fv/Fm was 1.78 higher in
Kaolin and 1.56 times in MMT groups than in Algae group). Although there are no
statistically significant differences in F./Fn, between the Kaolin and MMT groups, the
Plags of the Kaolin is 3.18 times than in MMT group. The former demonstrated that
adding both clay minerals significantly enhanced the photosynthetic activity in
biocrusts, and that kaolin showed a greater positive effect than MMT.

5.3.1.2 Influence on microbial community structure

The SEM images revealed the microscopic structures of the six experimental
groups on day 0 (Figure S5.3) and day 84 (Figs. 5.4a to f). After growing during 84
days, the biocrust in the MMT group displayed an interesting ‘“house-of-cards”
assembly (P. Li et al., 2022); that is, a fragile but complex order arrange among
microorganisms of the biocrusts (Figure 5.5¢). In contrast, the Algae and Kaolin groups
showed a higher abundance of filamentous algae, that may correspond to the originally
inoculated, or their homologous counterparts (Figs. 5.5a, b, d-f).
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Figure 5.4. Images obtained from the scanning electron microscope, of biocrust samples after 84
days, from groups: (a) Kaolin, (b) C-kaolin, (¢) MMT, (d) C-MMT, (e) Algae, and (f) C-Algae. C-
represents blank control group

After 16S rDNA analyses, 24,526 sequences were obtained from 24 samples.
These analyses cover 99% (Table 5.1); thus, it is possible to describe the bacterial
community structure in each sample. All indices for evaluate Alpha diversity (e.g.
Shannon, Simpson, ACE, and Chaol) (Zhang et al., 2022), displayed consistently the
same diversity order (p < 0.05): Kaolin>MMT>Algae groups; meanwhile, the Shannon
indexes for groups with the minerals, Kaolin and MMT, showed 1.82 and 1.42 times of
the Algae group (Figure 5.5a, Table 5.1).
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Table 5.1. Alpha diversity indexes of bacteria. Different letters assigned to values denote
statistically significant differences (p < 0.05)

Group Observed Shannon Simpson ACE chaol cover
features
Al 968+ 3,18+ 0.67+ 97413+  969.92+ Lo
gac 315bc 0.24bc 0.05bc  317.40bc  316.26bc :
1146+ 4.50+ 0.75+ 1151.54+  1147.59+
MMT 253abc 1.07ab 0.13b  25478abc  2544labc 100
Kaoli 1758+ 5.80+ 0.90+ 1767.55+  1762.05+ Lo
aolin 969a 2.07a 0.07a 973.29a 973.17a :
548+ 2.18+ 0.61+ 54924+ 54772+
C-MMT 66¢ 0.165¢ 0.04c 65.976¢ 65.72¢ 1.00
Cokali 1471+ 3.56+ 0.63+ 1484.08+  1476.39+ 100
-kaolmn 136ab 0.36bc 0.10bc 140.57ab  139.11ab .
640+ 2.65+ 0.60+ 645.01=  641.61+
C-Algae 205¢ 0.18¢ 0.04¢ 207.65¢ 206.11¢ 1.00

Note: C- represents blank control group
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Figure 5.5 (a) The Shannon and Chao 1 indexes of bacteria in the six experimental groups on day
84. Different lowercase letters refer to significant variations (p < 0.05); (b) Principal coordinate
analysis (PCoA) of bacterial communities at the OTU level; (c) Circos map of microbial community
structure in the six groups at the genus level. (Only the top 10 dominant genera are shown); (d)
Redundancy analysis (RDA) of environmental factors and bacterial communities. The length and
direction of the arrows represent the degree of impact of environmental factors on the structure of
the bacterial communities, as well as the positive or negative correlations between them. C-
represents blank control group
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The result suggested that the addition of both types of clay increased the diversity
and richness of bacterial communities, and the promoting effect of kaolin was greater.

A total of 652 bacterial genera were identified across 24 samples. The distance
between two clay—algae addition groups and the other four groups (Figure 5.5b)
suggested that the addition of clay significantly altered the microbial community
structure. Moreover, the principal coordinate analysis (PCoA) revealed that the
bacterial microbial community structures of the MMT and Kaolin groups are highly
similar. Figure 5.5¢ exposed that the addition of clay had an apparent impact on the
abundance proportion of Microcoleus and Aridibacter. As Microcoleus vaginatus (the
initially inoculated algae) belongs to Microcoleus, variations in the abundance of
Microcoleus sp. may indicate changes in its differential reproduction rate in each
experimental group in which it was inoculated. The abundance ratio of Microcystis in
the three groups was: Algae> Kaolin>MMT groups. Aridibacter, a type of bacteria
commonly associated with clay, increased in response to the addition of clay (Huber et
al., 2014). The abundance ratio of Aridibacter was the inverse of Microcoleus,
MMT >Kaolin> Algae groups. This suggests that MMT had a stronger influence on
regulating microbial communities compared to kaolin. Using the FAPROTAX database,
a total of 55 microbial pathways were annotated, with 7 representative pathways
summarized in Table S5.2. The results show that the phototrophic pathway abundance
in the MMT and Kaolin groups was significantly higher than in the Algae group, and
phototrophic cyanobacteria played a major role in the pathway. Redundancy analysis
(RDA) was used to explore the influence of seven environmental factors on the
composition of the bacterial communities (Figure 5.5d). The results show that ESSA,
CEC, and HWEOC were the primary factors affecting the bacterial community
structure, among which ESSA and CEC had positive effects.

These results suggested that the addition of clay, especially MMT, significantly
influenced the microbial community structure. ESSA and CEC were identified as the
primary positive factors shaping this structure.

5.3.2 Influence of clay on SOC stability
(a) (b)
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Figure 5.6 (a) Mineralization quotient (qM) and hot-water extractable organic carbon (HWEOC)
on day 84. Different lowercase letters refer to significant variations (p < 0.05); (b) 3C NEXAFS
spectra of the Kaolin, MMT, and Algae groups. The chemical shift region -10-45,45-110,110-160,
and 160-220 ppm represents alkyl C, O-alkyl C, aryl C, and carboxyl C, respectively. C- represents
blank control group

Table 5.2 Spearman rank correlation analysis of ESSA, CEC, HWEOC, ¢gM

Variable Variable Sample size (n) Spearman's p p-value
ESSA HWEOC 18 -0.89 *E* (<0.001)
CEC HWEOC 18 -0.82 % (<0.001)
ESSA gM 18 -0.59 *(<0.05)
CEC gM 18 -0.58 *(<0.05)

Note. ESSA: external specific surface area (ESSA); CEC: cation exchange capacity; HWEOC: hot-
water extractable organic carbon; qM: mineralization quotient; Spearman's p: Spearman’s rank
correlation coefficient. C- represents blank control group

Mineralization is the main process for decomposing SOC (Breidenbach et al.,
2022). Cbas, Ccum, qCO>, and gM serve as important parameters for evaluating the
mineralization of SOC, with gM being parameter that most directly characterizes the
mineralization rate of SOC. Additionally, qM serves as an indicator of the biological
stability of SOC, with smaller values indicating higher biological stability (Francaviglia
et al., 2017). The ranking of qM was Aglae group > Kaolin group > MMT group, with
the qMs of the MMT and Kaolin groups being 0.30 and 0.45 times that of the Algae
group (Figure 5.6a). This indicates that the addition of both kaolin and MMT enhanced
the biological stability of SOC, and MMT exhibited a stronger effect.

The parameters qM and HWEOC correspond to the biological and chemical
stability of SOC, respectively. Lower values indicate higher stability (Hou et al., 2019).
Both gM and HWEOC of the MMT group and Kaolin group are significantly lower
than for the other groups (p < 0.05); while the HWEOC of the MMT group was 0.73
and 0.34 times higher than Kaolin and Algae groups, respectively (Figure 5.6a).

Table 5.2 shows that CEC and ESSA impact deeply on ¢qM and HWEOC,
particularly HWEOC. Notably, after 84 days of cultivation, XRD characterization of
MMT and kaolin showed no significant change in interlayer spacing, indicating that
SOC was not adsorbed into the interlayers in the two clays (Figure S5.1), consistent
with previous findings (Baham and Sposito, 1994). Therefore, in this study, the SSA
used for correlation analysis of MMT was based on the ESSA rather than the TSSA.

Figure 5.6b shows the Kaolin group demonstrated better adsorption capacity for
labile carbon (O-alkyl C) and recalcitrant carbon (aryl C), that compared to the Algae
group. In contrast, the MMT group, exhibited stronger retention effects for recalcitrant
carbon (alkyl C and aryl C) but weaker adsorption of labile carbon. SOCioiecuiar Of the
MMT group was 1.31 and 1.56 times higher than that in the Algae and Kaolin groups,
respectively. Therefore, the addition of these minerals improved the biological and
chemical stability of SOC, with MMT contributing more significantly to SOC stability
than kaolin.
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5.3.3 Influence of clay type on SOC accumulation
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Figure 5.7 Changes of soil organic carbon (SOC) content over time for the six groups. Different
lowercase letters refer to significant changes in SOC content over time for each group (p < 0.05).
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As shown in Figure 5.7, the SOC content in all six groups followed a pattern of
initial decline, followed by a subsequent increase. The decrease observed during days
0-14 was attributed to the slower formation and higher consumption of SOC by
microbes. Between days 14 and 84, microbial proliferation led to a rapid increase in
SOC content. Throughout this process, the facilitative impact of the two types of clay
on SOC accumulation was visually evident, and the positive effect of kaolin was
stronger. After 84 days, the growths of SOC in the Kaolin and MMT groups were 5.03
and 4.08 times that of the Algae group (Figure 5.8a), respectively.

DOC originates from the labile part of SOC, which is the most readily utilized by
microorganisms (Li et al., 2023; F. Liu et al., 2023). The DOC of the Kaolin group was
significantly higher than the other groups (p < 0.05), 1.78 and 1.33 times that of the
Algae and MMT groups, respectively (Figure 5.8b). DOC showed a strong positive
correlation between MBC, Shannon, and DOC (Figure 5.8c¢), indicating that the higher
DOC content was the dominant reason for microbial growth.

5.4 Discussion

5.4.1 Synergistic effect of clays and cyanobacteria on accumulation of SOC

Undoubtedly, the formation and stability of SOC are the two major factors
determining the accumulation of SOC. Microorganisms are the primary source of SOC,
and microbial growth is a critical driver for SOC formation (Liang and Balser, 2011; H.
W. Wu et al., 2024). Fine particles with highly reactive surfaces provide more available
areas for microbial colonization, thus promoting microbial growth (Uroz et al., 2015).
Zhao et al. (2021) showed a positive correlation between the biocrust cover and fine
particle content (< 0.1 mm). In our study, 90% of the particles in MMT and kaolin were
< 0.1 mm, explaining the significant changes of color, MBC (Figure 5.2), and Chl-a
(Figure 5.3a) in the Kaolin group and MMT group. The spatial heterogeneity presented
by numerous pores in clay minerals increases microbial diversity (Hartmann and Six,
2023). Compared to the Algae group, both the MMT and Kaolin groups exhibited
higher alpha diversity, also visually verified. This explains why the addition of both
types of clay promoted microbial growth in this study.

It 1s widely recognized that the protective effect of clay on SOC arises primarily
from adsorption, in which SOC is adsorbed onto the clay surface or interlayer, forming
a physical barrier between SOC and decomposers (Arthur et al., 2023; Islam et al., 2022;
Kanetal.,2022; T. Wu et al., 2022). Consequently, the stronger the adsorption capacity
of clay for SOC, the more favorable it is for the stability of SOC. The results of this
study indicate that the addition of both clays in the clay-microalgae co-inoculation
groups enhances the biological and chemical stability of SOC. Although the SOC
molecular stability in the Kaolin group was lower than in the Algae group, the greater
number of microorganisms and the more stable biological and chemical SOC stability
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in the Kaolin group still resulted in a much higher SOC growth compared to the Algae
group.

The influence of both clays on SOC formation and stability contributed to SOC
growth in the Kaolin and MMT groups being 5.03 and 4.08 times higher than in the
Algae group, respectively (Figure 5.8a). The SOC increases in the Kaolin and MMT
groups were significantly higher than SOC growth in other groups. This demonstrated
the synergistic effect of clays and cyanobacteria on SOC accumulation, with the two
typical clays acting as synergists in this process.

5.4.2 Stronger effect of MMT on the stability of SOC

Our study demonstrated that in clay-microalgae inoculated systems, the addition
of both clays improved the biological and chemical stability of SOC, with MMT
showing a stronger positive effect (Figure 5.6). Table 5.2 shows the significant negative
correlation between ESSA, CEC, and HWEOC (Spearman’s p cec-0.82%*; Spearman's p
Essa -0.89%*). The greater ESSA and higher CEC (Table S5.1) of MMT confer a higher
adsorption potential, resulting in that of kaolin-HWEOC being 2.12 times that of MMT-
HWEOC. Although the gM in the MMT group was also significantly higher than in the
Kaolin group (p < 0.05), it showed a lower correlation with CEC and ESSA. This was
due to differences in microbial growth among the six groups. For example, the lower
microbial biomass in the C-algae group resulted in lower Ccum and gM, whereas the
higher microbial biomass in the C-Kaolin group led to greater Ccum and qM (Table
S5.3).

13C NMR results (Figure 5.6b) indicated that MMT had a stronger adsorption
capacity for recalcitrant carbon (alkyl C and aryl C), whereas kaolin showed stronger
adsorption for labile carbon (O-alkyl C), including microbe polysaccharides (Mo et al.,
2022). It also explained the result in Xu et al. (2024), that kaolin had a stronger
inhibitory effect on SOC mineralization than MMT when polysaccharides were used as
the carbon source. The results also were similar to those of previous studies, but in those
cases they were assumed to be due to specific adsorption with unknown causes (Feng
etal., 2005; Kallenbach et al., 2016; Wattel-Koekkoek et al., 2001). However, this study
suggests that the larger ESSA and higher CEC enable MMT to have a good adsorption
capacity for all types of organic carbon structures. This was supported by the order of
Pearbonyi: MMT group > kaolin group > algae group, which indicates adsorption capacity
with SOC (Curti et al., 2021; Gu et al., 1994). However, due to pore size limitations,
the adsorption capacity of MMT for O-alkyl C, which is composed of large molecular
structures (Mo et al., 2022), was restricted. The total adsorption average pore width
(BET) of kaolin is 2.25 times that of MMT (Table S5.1), increasing the likelihood of
O-alkyl C adsorption on kaolin. This was consistent with the findings of Wang et al.
(2024), which also explains why MMT prefers lower molecular weight organic carbon
(Han et al., 2021). This also emphasizes that the larger ESSA and higher CEC were the
fundamental reasons for the increased SOChoiecuiar value in MMT.
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5.4.3 Stronger effect of kaolin on SOC formation

The experimental results indicated that the addition of both clays promoted SOC
formation; however, the effect was more pronounced in the Kaolin group. Theoretically,
MMT, with its unique layered structure, provides more pores than kaolin (Table. S4.1,
Figs. 5.4c and 4.4d). In biocr4.ust systems, most microbes live in surface soils (Liao et
al., 2024; Munoz - Martin et al., 2019), and the availability of surface water is critical
for biocrust development (Kidron et al., 2022). The superior hydration capacity of
MMT enables it to retain surface moisture for longer periods, theoretically favoring
microbial growth. However, the MBC, Chl-a, and a-diversity in the Kaolin group were
significantly higher than in the MMT group. Moreover, the alpha diversity in the C-
MMT group was lower than in the C-Algae group, suggesting that factors in the MMT
group might be limiting microbial growth. As shown in Figure 5.8a, DOC in the MMT
group was significantly lower than in the Kaolin group (p < 0.05). This was likely due
to MMT enhancing SOC stability, thereby reducing SOC decomposition. Given the
limited SOC, this resulted in a lower DOC content, which was closely related to
microbial growth (Li et al., 2023), thereby inhibiting microbial growth and SOC
formation. Additionally, MMT exerted a stronger regulatory effect on microbial
community structure compared to kaolin. These findings further support the idea that
the high SOC stability induced by MMT inhibited microbial growth. Therefore, while
both clays promoted SOC formation, kaolin had a stronger positive effect.

5.4.4 Recommendation for methods of applying the two types of clay in
artificial biocrusts

The results of this study suggested that kaolin was more conducive to SOC
formation, while MMT was more favorable for SOC stability. Although SOC growth
in the Kaolin group was higher than in the MMT group after 84 days of biocrust
development, it was noteworthy that the more complex spatial heterogeneity and
greater water retention capacity of MMT may enhance microbial growth (Y. Li et al.,
2024; Song et al., 2023). However, nutrient limitations hindered the effectiveness of
MMT. Therefore, we propose the following recommendation for artificial biocrusts to
improve nutrient supply in nutrient-limited ecosystems such as desert areas: During the
initial phase, add 1:1 type clay to promote SOC formation. Then, in the later phase, add
2:1 type clay to enhance SOC stability. This approach may maximize the beneficial
effects of both types of clay, thereby promoting the ultimate accumulation of SOC.

However, it is important to note that as an artificial simulation conducted in a
laboratory, this study only demonstrated the theoretical feasibility of the approach.
Substantial work remains to be done in the future. For instance, desert regions often
severe conditions such as extreme precipitation, large diurnal temperature fluctuations,
and high levels of ultraviolet radiation (Gong et al., 2024; Li et al., 2024; Wu et al.,
2022). Further research is needed to explore the effects of clay on the resilience of
artificial biocrusts under these harsh environmental conditions, as well as to optimize
the clay addition strategy. Additionally, the long-term impacts of clay-based artificial
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biocrusts on vegetation restoration and ecological rehabilitation in desert regions should
be explored over extended timeframes, such as 10, 30, or even more years.

5.5 Conclusions

To investigate the role of clay minerals in SOC accumulation within artificial
biocrust systems, two representative clays:kaolin (1:1 type) and montmorillonite (MMT,
2:1 type) -were introduced. Experimental results confirmed that both clays functioned
as SOC synergists in artificial cyanobacterial biocrusts. After 84 days of cultivation,
SOC content in the Kaolin and MMT groups increased by 5.03 and 4.08 times,
respectively, compared to the Algae group. The higher dissolved organic carbon (DOC)
content in the Kaolin group facilitated SOC formation, while the larger external specific
surface area (ESSA) and higher cation exchange capacity (CEC) of MMT enhanced
SOC stability. These findings underscore the critical role of clay minerals in SOC
accumulation during biocrust development. Based on their distinct contributions, we
propose a staged application strategy for artificial biocrust cultivation in nutrient-
deficient environments such as deserts: 1:1 type clay should be applied in the early
stages to promote SOC formation, followed by 2:1 type clay in later stages to improve
SOC stability. This study provides both a theoretical foundation and a practical
approach for restoring nutrient-limited ecosystems. However, further research is
needed to validate these findings in real-world conditions. Future studies should include
field inoculation experiments with clay-based artificial biocrusts and assess their long-
term effects on ecological restoration in desert regions.

The main content in this chapter was published:
v’ Zhang C, Chen X, Zhou K, et al. Synergistic effects of clays and cyanobacteria

on the accumulation dynamics of soil organic carbon in artificial biocrusts[J].
Journal of Environmental Management, 2025, 374: 124110. (Top; JCR QI; IF
8.4)
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Chapter VI. Conclusions

6.1 Main conclusions

The Earth is an interconnected, holistic ecosystem. Nutrient-poor soils cover a
considerable portion of the planet’s surface and play an indispensable role in global
water, carbon, and nutrient cycles. The capacity of these soils to retain water and
sequester carbon significantly influences regional and even global climate patterns,
thereby affecting the climatic conditions on which all life depends. Thus, the present
study focuses on enhancing water retention and carbon sequestration in nutrient-poor
soils. Using three typical types e.g., saline-alkali soil, phosphogypsum-covered soil,
and desert soil, we introduced salt-tolerant polymers, natural biocrusts, and clay-based
artificial biocrusts. By clarifying the interactions between inorganic components (e.g.,
clay, phosphogypsum, salinity, cation exchange capacity, pH) and organic components
(e.g., polymeric materials, microorganisms, SOC), we aimed to drive a synergistic
enhancement effect, thereby achieving restoration outcomes superior to those obtained
using single materials or methods. The specific conclusions are as follows:

(1) Chapter II: Aridity and rapid evaporation of soil moisture are major drivers of
soil salinization. Therefore, enhancing soil water retention has been recognized as an
effective strategy to mitigate soil salinization. In response to this prominent issue of
saline-alkali soils, we correspondingly developed the ST-SAP and obtained the
following conclusions. With the three strong hydrophilic groups (R-SO3H, R-COOH,
R-CONHb), ST-SAP has excellent swelling ability, which reaches up to 69.04 g/g under
high salt condition; ST-SAP can effectively realize multiple reswelling under high salt
condition; The complexation reaction between Ca?" and three hydrophilic groups of ST-
SAP contributes to its remarkable stability under high salt condition; With 2 wt% ST-
SAP, the moisture of saline-alkali soil could be prolonged to 28 days. These findings
highlight the strong potential of ST-SAP for practical applications in saline-alkali land
management and agricultural water conservation

(2) Chapter I1I:

(3) Chapter IV: SOC plays a crucial role in enhancing soil structure and
maintaining key biogeochemical functions. Simultaneously, SOC is one of the critical
indicators of soil fertility and is often used to assess soil quality. Therefore, SOC is
essential for the rehabilitation of desertified soil. To investigate the impact of clay
minerals on the dynamics of SOC accumulation in artificial biocrust systems, we
determined that the optimal addition of montmorillonite was 1.4 g dm2, leading to a
3.45-fold increase in SOC content after 84 days of cultivation. Three key findings
emerged from the montmorillonite-based artificial biocrust system. First,
montmorillonite significantly accelerated microbial growth; second, it specifically
regulated microbial communities, promoting the proliferation of photosynthetically
active microorganisms; third, the growth of microbial biomass driven by
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montmorillonite was the primary factor driving SOC accumulation. Based on these
results, we propose that montmorillonite acts as an accelerator for the biocrust carbon
pump during the formation of artificial biocrusts. While this study provides valuable
insights, it is limited to laboratory conditions. Future research in natural settings is
needed to examine the effects of montmorillonite-based artificial biocrusts on processes
such as water infiltration, surface runoff, evaporation, and soil erosion in desertified
areas, thereby enhancing our understanding of ecosystem functions and biodiversity
under desert environmental conditions.

(4) Chapter V: To investigate the role of clay minerals in SOC accumulation within
artificial biocrust systems, two representative clays—kaolin (1:1 type) and
montmorillonite (MMT, 2:1 type)—were introduced. Experimental results confirmed
that both clays functioned as SOC synergists in artificial cyanobacterial biocrusts. After
84 days of cultivation, SOC content in the Kaolin and MMT groups increased by 5.03
and 4.08 times, respectively, compared to the Algae group. The higher dissolved
organic carbon (DOC) content in the Kaolin group facilitated SOC formation, while the
larger external specific surface area (ESSA) and higher cation exchange capacity (CEC)
of MMT enhanced SOC stability. These findings underscore the critical role of clay
minerals in SOC accumulation during biocrust development. Based on their distinct
contributions, we propose a staged application strategy for artificial biocrust cultivation
in nutrient-deficient environments such as deserts: 1:1 type clay should be applied in
the early stages to promote SOC formation, followed by 2:1 type clay in later stages to
improve SOC stability. This study provides both a theoretical foundation and a practical
approach for restoring nutrient-limited ecosystems. However, further research is
needed to validate these findings in real-world conditions. Future studies should include
field inoculation experiments with clay-based artificial biocrusts and assess their long-
term effects on ecological restoration in desert regions.

6.2 Innovations

For the three types of nutrient-poor soils, the innovations of this thesis are as
follows:

Chapter II presents the novel synthesis of a salt-tolerant superabsorbent polymer
(ST-SAP) for saline-alkali soils, which exhibits superior water absorption and retention.
The research enabled clear identification of the complexation patterns between Ca**
ions and three hydrophilic groups (R-CONH:, R-SOsH, R-COO"), and yielded detailed
three-dimensional computed tomography (3D-CT) images of the Ca salt distribution
within the polymer.

Chapter III presents the first investigation into the interaction between
phosphogypsum and the overlying biocrusts. It is revealed that phosphogypsum
facilitates the growth of the biocrusts. Interactions between phosphogypsum and
biocrusts promote microbial cycling of C, N, P, and S, ultimately leading to significant
improvements in the physical and chemical properties of the phosphogypsum stockpile
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surface. Based on these findings, we propose that the application of biocrusts may
represent a promising approach for /n situ green management of phosphogypsum.

Chapter IV presents a pioneering investigation into the role of clay, exemplified
by montmorillonite, in the microbial carbon pump of biocrusts. Three key findings were
revealed: 1) MMT accelerates microbial growth; 2) MMT optimizes the microbial
community structure by favoring microbes with high photosynthetic activity and
oligotrophic adaptability; and 3) The MMT-enhanced microbial growth serves as the
primary driver for soil organic carbon (SOC) accumulation. Based on these critical
results, we propose that role of MMT as a  “accelerator” of the biocrust carbon pump
during the construction of artificial biocrusts.

Chapter V investigates, for the first time, the differential effects of two typical clay
types on the formation and stabilization of soil organic carbon (SOC) in nutrient-poor
soils. The results revealed that 1:1-type clay (exemplified by kaolin) is more conducive
to SOC formation, whereas 2:1-type clay (exemplified by montmorillonite, MMT)
favors SOC stabilization. Consequently, a targeted clay application strategy is proposed:
for the establishment of biocrusts on nutrient-poor soils, 1:1-type clay should be applied
in the initial phase, followed by the addition of 2:1-type clay in the later stages.
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Supplementary information

Supplementary information for chapter 11

To investigate the water retention properties of ST-SAP in saline-alkali soil of
high salinity, the saline-alkali soil of Lop Nur was selected. The saline-alkali soil
samples were composed of 0-30 cm topsoil at different sampling points, whose
properties are shown in Table S2.1.

Table S2.1. The properties of saline-alkali soil from Lop Nur, Xinjiang Province, China.

Properties Result
CEC 6.452 cmol*/kg
Total dissolved salt 18.13%
pH 8.29
Soluble cation contents 4.13 wt% Na*;  0.50 wt% K*
(Na', K*, Ca?*, Mg*") 0.75 wt% Ca*;  0.45 wt% Mg>*

To study the adsorption of Ca** by ST-SAP, the materials (0.1000 g) were put in
different concentrations of CaCl solution until swelling equilibrium. The experimental
data were fitted with the Langmuir and Freundlich models, whose equations are
described as follows:

Langmuir model:

0,= k0, CA1+kC,) (Eq. 1)

Freundlich model:

0 = ki (Eq. 2)

In which C, (g/L) and QO (g/g): equilibrium concentrations of the solution; O,
(g/g) and On (g/g): balanced and maximum adsorption ratio of ST-SAP, respectively;
k; (L/g) and k; (g/g): Langmuir and Freundlich constants, respectively, and //n:

adsorption intensity index.

The fitting model parameters were listed in Table S2.2. Freundlich model was
more suitable to describe the adsorption process, whose R? reached 0.998. The 1/n
reflects the effect of concentration on the adsorption capacity, which was 0.191 less
than 0.5, indicating that Ca?" was easily adsorbed in the ST-SAP structure. Referring to
the Langmuir model, the maximum adsorption capacity of Ca>* towards ST-SAP was
0.259 g/g.
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Figure S 2.2. Adsorption isotherm for Ca*" absorption

Table S 2.2 Adsorption isotherm parameters for the adsorption of Ca’" by the salt-tolerant
superabsorbent polymer (ST-SAP)

Langmuir Freundlich
Qm(g/g) ki (L/g) R,? I/n ke (L/g) R>?
0.259 5.282 0.937 0.193 0.191 0.998
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Supplementary information for chapter 111
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Figure S3.1 XRD pattern of phosphogypsum
Table S3.1 Physical and chemical properties of phosphogypsum (PG)
. CJ/T 340- . CJ/T 340-
Properties PG stack 2016 Properties PG stack 2016
SOC 11.60-
(mg/g) 4.23 46.40 pH (1:2.5) 3.39 5.0-8.3
Soluble F
TC (mg/g) 10.00 / (mgkg) 156.42 /
TN (mg/g) 0.50 / WR0.25 (%) 0.46 /
AN
9.60 40-200 MWD (mm 0.09 /
(me/kg) (mm)
AP Exchangeable
(me/ke) 69.09 5-60 Ca?* (cmol/ke) 2673.91
TP (mg/g) 46.06 / As (mg/kg) 0.061 <30
CEC
(cmol+/kg) 0.03 >10 Cd (mg/kg) 0.096 <04
D90 73.77 Cr (mg/kg) 0.38 <100
Particle
size (yum) D50 32.27 / Cu (mg/kg) 0.41 <40
D10 5.02 Ni (mg/kg) 0.26 <40

Note: CJ/T 340-2016 is the Urban Construction Industry Standard of the People's Republic of China
for Planting Soil for Greening
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Figure S3.2 Properties of the biocrust layers. (a) Cation exchange capacity (CEC); (b) pH and
soluble F content; (c) available N (AN), soil organic C (SOC), available P (AP), total C (TC), total
N (TN), and total P (TP). a, b, c: significant differences (p < 0.05). Error bar: standard deviation
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Figure S3.3 Properties of the phosphogypsum layers. (a) Mineral-associated organic matter (MaOM)
and particulate organic ¢ (POC); (b) Ca-bound to organic C of soil (Ca-SOC); (c) The proportion of
Ca-SOC to total SOC (fca-soc). a, b and c: to statistically significant differences (p < 0.05). Error
bars: standard deviations
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Figure S3.6 Relative abundance of gene clusters related to the N cycle. Different letters assigned to
values denote statistically significant differences (p < 0.05). Error bar: standard deviation
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Figure S3.7. Relative abundance of gene clusters related to the P cycle. a, b and c; significant
difference (p < 0.05). Error bars: standard deviations
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Figure S3.8. Relative abundance of gene clusters related to the S cycle. A, B AND C: significant
differences (p < 0.05). Error bar; standard deviations
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Figure S3.9. Abundance of genes involved in extracellular complex organic carbon (OC)

degradation and peptidoglycan. The ring diagram in the upper-right corner shows the proportion of
peptidoglycan degradation genes relative to the total extracellular complex OC degradation gene
abundance. Different letters assigned to values denote statistically significant differences (p < 0.05).

Error bars denote standard deviations

Supplementary information for chapter IV

Table S4.1 Physical and chemical properties of the sandy soil and montmorillonite

Properties Sandy soil montmorillonite
SOC (mg/g) 0.63£0.04 0.47£0.01
TC (mg/g) 4.0£0.14 3.12+0.26
TN (mg/g) 0.4+£0.58 0.11£0.01
AN (ug/g) 11.25%0.15 3.78+0.07
AP (ug/g) 0.58%0.03 0.43£0.01
CEC (cmol+/kg) 0.13£0.01 122.2340.05
pH (1:5) 8.440.01 10.17£0.04
Particle size Do 289.63 593
(um) Dso 174.44 2.10
Do 120.23 0.74

Note: SOC: soil organic C, TC: total C, TN: total N, AN: available N, AP
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Figure S4.1. X-ray Diffraction (XRD) pattern of the Na-based montmorillonite. Its structure was
identified as Nao3AL[(Si, A1)4010] (OH)2°2H,0 (JCPDS no:43-0688)

Table S4.2 Partial functions of microbial communities. Different letters assigned to values denote
statistically significant differences (p < 0.05).

Function 0-M 0.7-M 1.4-M 2.1-M CK-M CK-Soil
Ph‘)t"lfuto“"p 0.129+ 0.054+ 0226+ 0223+  0.145+ 0.096+
Y- 0.020b 0.030b 0.0092 0.011a  0.02lab  0.028b
cyanobacteria

Photohetero-  2-30X10% 5 38x103 2 01x 107 189107 1.62X10% 3.75X107+
trophy 4.30%10%a 1.66x103a 1.62x103a 3.86x%10%a 3.60%10% 1.63X1073a

Phototrophy 0.132+ 0.059+ 0.229+ 0.225+ 0.147+ 0.100+
0.020b 0.028b 0.008a 0.011a 0.021ab 0.027b

Photosyn- 0.010+ 0.007+ 0.024+ 0.024+ 0.012+ 0.009+
thesis 0.002b 0.001b 0.002a 0.003a 0.002b 0.002b

PROIOSYOINCS! ) 33x103: 9.21x10%  7.74x10%%  T43X10%% 2.80X10%% 1.70X10°
- 4 4
proteins  5.91x10%p  411¥10708.92x10%a g 99104 6.54x10b 5.50x10b
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Supplementary information for chapter V

Table S5.1 The physical and chemical properties of montmorillonite (MMT), kaolin, and sandy soil

Properties Kaolin MMT Sandy soil
External 13.65 53.11 2.30
SSA
(m/g) Internal / 782.56 /
Total 13.65 835.67 2.30
CEC (mmol/100g) 3.57 122.34 0.66
The total adsorption average pore
width (nm) (BET) 43.60 19.41 8.91
D90 6.61 5.93 289.63
Particle size D50 2.88 2.10 174.44
(um)
D10 0.95 0.74 120.23
SOC (mg/g) 0.52 0.47 0.63
TC (mg/g) 4.8 3.12 4.00
TN (mg/g) 0.3 0.11 0.4
AN (pg/g) 4.16 3.78 11.25
AP (ug/g) 0.65 0.43 0.58
pH (1:5 W/V) 7.1 10.17 8.41

Note: SSA: Specific surface area; CEC: cationic capacity; BET: Brunauer-Emmett-Teller; SOC:
soil organic C; TC: total carbon; TN: total N; AN: available N; AP: available P
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Figure S5.1 X-ray Diffraction spectra of montmorillonite (MMT) (a) and kaolin (b) before and after
algae inoculation, separately. MMT: MMT before inoculation with algae; MMT group: MMT after

84 days of inoculation with algae, kaolin: kaolin before inoculation with algae; kaolin group: kaolin
after 84 days of inoculation with algae
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Figure S5.2 On day 30, SOC content (a) and Chl-a (c) in different MMT addition groups; SOC
content (b) and Chl-a (d) in different kaolin addition groups. SOC: soil organic carbon; Chl-a:
chlorophyll-a; MMT: montmorillonite. Algae, MMT-1.24, MMT-2.48, MMT-3.72, MMT-4.96, and
MMT-6.20 represent MMT addition levels of 0 g, 1.24 g, 2.48 g, 3.72 g, 4.96 g, and 6.20 g,
respectively, with an algae solution addition of 30 mL in all cases. Similarly, kaolin-1.24, kaolin-
2.48, kaolin-3.72, kaolin-4.96, and kaolin-6.20 represent kaolin addition levels of 0, 1.24, 2.48, 3.72,
4.96, and 6.20 g, respectively, with an algae solution addition of 30 mL in all cases
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Figure S5.3 (a-f) Scanning electron microscope (SEM) images at day 0 of kaolin (a), C-kaolin (b),
MMT (c), C-MMT (d), Algae (e), and C-Algae group (f)
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Table S5.2. Predicted functional abundances using the FAPROTAX database

Function Kaolin ~ MMT  Algae C-kaolin C-MMT  C-algae
prediction
photosynthetic 0.21+ 0.22+ 0.15+ 0.21+ 0.15+ 0.13+
cyanobacteria 0.05a 0.01a 0.04b 0.01a 0.02b 0.05b
nonphotosynthetic  0.0007+ 0.0003+ 0.0003+ 0.0005+ 0.0011+ 0.0003+
__cyanobacteria 0.0006ab  0.0003c 0.0001c 0.0002¢ 0.0002a 0.0001c
hotoautotronh 0.21+ 0.22+ 0.15+ 0.21+ 0.15+ 0.13+
p P 0.05a 0.01a 0.04b 0.0la 0.016b 0.05b
photoheterotrophy 0.00016+  0.0014+ 0.0018+ 0.00023+  0.0021+ 0.0032+
0.0001c 0.0001bc  0.00labc  0.00003c  0.0009ab  0.0017a
phototrophy 021+ 0.23+ 0.15+ 021+ 0.15+ 0.13+
0.05a 0.0la 0.04b 0.01a 0.02b 0.05b
Chemohetero- 0.0167+ 0.0223+ 0.0209+ 0.0176+ 0.0065+ 0.0156+
trophy 0.02a 0.01a 0.006a 0.0016a 0.002a 0.0016a
aerobic_chemohet 0.017+ 0.011+ 0.021+ 0.018+ 0.006=+ 0.014+
erotrophy 0.005ab 0.005bc 0.006a 0.002ab 0.002¢ 0.003ab
Note. FAPROTAX database: the functional annotation of prokaryotic taxa database
Table S5.3 Mineralization parameters of soil organic carbon (SOC)
Parameters Algae MMT Kaolin C-MMT C-Kaolin C-Algae
Cbas 0.047+ 0.040+ 0.057+ 0.044+ 0.066+ 0.044+
(mg CO-C cm2s0il d™')  0.0061lab ~ 0.0041b  0.020ab  0.007ab 0.032a 0.010ab
Ccum 0.511+ 0.271+ 0.363+ 0.155+ 0.438+ 0.162+
(mg CO,—C c¢cm? soil) 0.060a 0.049d 0.035¢ 0.032¢ 0.052b 0.03%¢
(mg CO(ig((j)zcm’2 - 0.010+ 0.001£  0.001+£0.  0.002+ 0.004+ 0.006+
Cmic) 0.007a 0.0002¢ 0001c 0.003bc  0.0005bc 0.002b
QM (%) 31.447+ 9476+  14.165+= 13.040+  38.749+ 16.143+
3.684b 1.695d 1.348¢c  2.700cd 4.626a 3.923c

Note: Cbas: basal respiration, Ccum: cumulative respiration, qCO2: metabolic quotient, qM:

mineralization quotient, CK: control check

129



