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This paper reviews progresses in the interactions between goethite and organic matter (OM) and their environmental effects in recent decades. The interactions mainly include the effect of organic matter on the surface properties and the crystallization of goethite, molecular changes of OM caused by goethite, and their interaction mechanisms, which can be depicted by the commonly used Langmuir model, the charge distribution multi-site complexation model (CD-MUSIC model), ligand charge distribution model (LCD model), and natural organic matter charge distribution model (NOM-CD model). The influencing factors of the interactions are summarized with emphasis on the external, including pH, ionic strength, carbon dioxide (CO2), and the internal, including the structure of OM and iron species. The goethite—OM complexes caused by the interactions will affect migration and transformation of conventional heavy metals and emerging antibiotics. The complexes, as the carrier of carbon and iron, are also the critical parts of the carbon and iron cycles, which are associated with climate change. This review provides a basis for future mechanism studies of formation, transformation, and effects of goethite—OM complexes (particulate OM or carbon-contained minerals) in different environmental systems at a molecular level.
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1 INTRODUCTION
Iron is the fourth most abundant element in nature and widely distributed in the lithosphere. Iron is easy to combine with other elements to form iron minerals, so there is little natural pure iron on the earth, and it often exists in the form of oxidized iron. There are 12 known iron oxides which are grouped into iron hydroxide [Fex(OH)y] and iron oxide (FexOy) in nature. The former includes goethite [α-FeO(OH)], lepidocrocite [γ-FeO(OH)], limonite [FeO(OH)·nH2O], schwertmannite [Fe8O8(OH)6SO4], hexagonite [FeO(OH)], ferrite (Fe2+), garnet [K(AlSi2)O6)], and patina [Cu2(OH)2CO3]; the latter includes hematite (Fe2O3), magnetite (Fe3O4), maghemite (γ-Fe2O3), and ferrous oxide (FeO). Hematite, goethite, and magnetite are relatively stable and mostly exist as end-state products, whereas ferrihydrite, lepidocrocite, maghemite, schwertmannite, and patina are unstable in nature and mostly exist as intermediates. Goethite is one of the most common iron hydroxide minerals in the earth’s surface system. In general, goethite can be formed by the differentiation of olivine or pyrite through complex physical, chemical, and biological processes, which can be described by the following chemical equations (Schwertmann and Cornell, 2000):
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Organic matter (OM) is a collection of organic compounds originating from organisms in the critical zones of the earth, showing diverse chemical compositions and structural characteristics, and exhibits various environmental behaviors and ecological effects in the hydrosphere, pedosphere, lithosphere, and their transition zones (Kadar et al., 2011; Maeng et al., 2011). OM is divided into fresh, semi-decomposed, and humified fractions according to the degree of decomposition. Fresh OM refers to plant and animal residues that have just entered the soil, still maintain the original anatomical characteristics of the organism, and have not been decomposed by microbes. Semi-decomposed OM refers to the residues partially decomposed by microorganisms. It has lost its anatomical characteristics and is mostly dark and brown. Humified OM, also known as humic substances (HS), is the gray-black colloidal material formed by the transformation of fresh OM through enzymes, generally accounting for more than 85% of the total soil OM (Wang et al., 2017). HS can be further subdivided into humic acid (HA), fulvic acid (FA), and humin (HM) according to their solubility in acid and alkali. HA is a hardly acid-dissolved macromolecular organic acid with various functional groups, which have physiochemical behaviors, including absorption, complexation, and exchange (Christensen, 1992; Montalvo et al., 2018). FA is a short carbon chain molecular structure extracted from HS with a low molecular weight, which can dissolve in either acid or alkali (Wang et al., 2019). HM is the insoluble fraction after the OM contained in the soil is treated with a diluted mixture of sodium hydroxide and sodium pyrophosphate; it cannot dissolve in neither acid nor alkali (Chiou et al., 2000). Since HM contains few functional groups and is less active, the HS mentioned in this review mainly comprises HA and FA. Besides the natural OM, a large amount of artificial OM, including phthalates, aromatic hydrocarbons, and antibiotics, is discharged into the environment with the increase of anthropogenic activities. Antibiotics are organic substances naturally synthesized by microorganisms through secondary metabolism or artificially synthesized from industry, which are mostly discussed in the environment as synthetic antibiotics, including drugs, herbicides, and agricultural feed.
Iron minerals and OM are distributed as complexes in the natural environment, and it is of great importance to study their interaction processes and environmental effects. Over the past few decades, goethite has been shown to act as an adsorbent to trap OM from soil and transport them to aquatic systems, affecting the global carbon cycle (Sollins et al., 2009; Gabriel et al., 2018). In addition, goethite is a natural catalyst for the catalytic oxidation of OM in soil or wastewater (Lu, 2000; Lai et al., 2021), which will affect the migration and transformation of pollutants in soil and aquatic environments. The interactions between goethite and OM are affected by many factors, including content and chemical composition of OM, pH, and ion species (Kleber et al., 2015). And the influence of various factors on the combination of goethite and OM can be determined through a series of batch experiments. Based on experimental data, the main interaction process like adsorption between goethite and OM can be depicted by the theoretic or empirical mathematic models (Ni et al., 2017).
The interactions between natural OM (NOM) and iron minerals have been intensively studied over the past decades. The earliest studies began in 1981, when Tipping studied the interactions between HS and aqueous iron oxide (α-FeOOH, α-Fe2O3, amorphous Fe-gel), and analyzed it by adsorption isotherms, showing that iron oxide strongly interacted with the surface negative charge of HA (Tipping, 1981). Subsequently, researchers began to consider the complex molecular dynamics of HA dispersed in soil and water environment, including aggregation and dissolution phenomenon, hydrophobicity and hydrophilicity, structural stability, complexing mechanism, etc. At the same time, they began to study the effects of iron minerals and organic matter complexes on heavy metal ions and carbon cycling in soil (Chiou et al., 2000; Vindedahl et al., 2016; Bao et al., 2021; Di Iorio et al., 2022). Some previous reviews focused on the surface properties of goethite alone (Liu et al., 2014), the role of dissolved organic matter (DOM) on the transformation of pollutants on the mineral surface (Polubesova and Chefetz, 2013), the interactions between mineral and OM as well as the immobilization of toxic elements and hazardous substances and carbon sequestration at the molecular level (Vindedahl et al., 2016; Otero-Fariña et al., 2017; Wang et al., 2017; Di Iorio et al., 2022), and the differences between the two modes of adsorption and co-precipitation of OM with goethite and the fixation and reactivation of metals by the complexes (Bao et al., 2021). Most reviews in the past paid attention to the interaction processes and mechanisms between iron and OM, but few reviewed the influence factors of the interactions, especially the factors of goethite crystallization affected by OM. Hence, this review summarized the surface properties and crystallization process of goethite changed by OM and the ability of goethite to adsorb OM as well as their influencing factors. The potential effects of complexes formed by goethite and OM on heavy metalions, emerging antibiotics, and carbon and iron cycles were carefully documented. This review is of great scientific significance for reviewing and understanding the influencing factors and environmental effects of the interactions between goethite and OM (Figure 1).
[image: Figure 1]FIGURE 1 | Influencing factors and environmental effects of interactions between goethite and OM. The crystallization process and surface properties of goethite are responsible for its ability to adsorb organic matter, and the interactions are controlled by external factors such as pH, CO2, ionic strength, and internal factors of their concentrations and properties. The interactions between goethite and OM have a critical environmental impact on the behavior of metal migration, adsorption of emerging contaminants (antibiotics), and carbon and iron cycles in the aquatic and soil environment.
2 MUTUAL EFFECTS BETWEEN GOETHITE AND ORGANIC MATTER AND THEIR INFLUENCING FACTORS
2.1 Effects of organic matter on goethite
2.1.1 Surface properties and crystallization of goethite affected by organic matter
Generally, goethite formed by natural differentiation has poor crystallization and is rich in defects and impurities, which make the good surface activity of goethite. Most goethite crystals are needle-like or columnar, formed by FeO3(OH)3 octahedrons connected into octahedral pairs with common edges, and grow as double chains along the C-axis. Each Fe atom in goethite is coordinated with six O atoms around it, and each Fe-O bond has a 0.5 positive charge. Each O atom coordinates with three Fe atoms to form the Fe3O0.5 coordination group. The two Fe3O0.5 coordination sites above and below the channel are connected by hydrogen bonds, and H+ neutralized the charge carried by them, so the crystal is electrically neutral. The structure of goethite is shown in Figure 2. At the liquid-solid interface, acidic groups in NOM, including carboxylic acid and phenolics, can combine with a hydroxyl group on the surface of solid goethite, thus forming the organic-mineral complex. Goethite combined with OM can change its surface properties. Otero-Fariña et al. found that the isoelectric point (IEP) shifted to lower pH values with increasing carbon content on the surface of goethite with HA coating compared to pure goethite (Otero-Fariña et al., 2017). The presence of NOM caused the presence of negatively charged groups on the surface of goethite and increased the negative potential near the liquid/solid interface (Saito et al., 2003). Electrostatic interaction between the HA and goethite would result in the organic molecules occupying the surface sites of the goethite, leading to a decrease in the surface area of goethite (Mikutta et al., 2006). Amini et al. (2020) and Antelo et al. (2007) also came to the similar conclusion: the presence of HA near the surface of goethite introduces carboxyl and phenolic groups and increased the negative potential at the interface, also affects the porosity of goethite. Kaiser et al. (2007) demonstrated that the adsorption of OM on minerals significant decreased N2 accessible micro- and mesopore volume of minerals, and the strongest reduction in microporous volume on the surface of goethite occurred when the OM content was low, and the variation in microporous volume gradually plateaued with OM. The stronger response of micropores to increased loading of adsorbed OM compared to mesopores suggested that OM was preferentially adsorbed in the micropores, but more likely at the openings of the micropores, thereby clogging and making N2 inaccessible.
[image: Figure 2]FIGURE 2 | The ball and stick model of goethite.
The crystallization of goethite is a complex mineralizing process, and the mechanism of crystal nucleation and growth is not fully disclosed, Wang et al. examined the nucleation and growth processes of the crystalline grains by the transmission electron micrographs during the reaction (Wang et al., 1998). Experiments showed that nucleation of α-FeOOH crystals occurred both on the surface of Fe (OH)2 grains and in the solution, depending on the local concentration of α-FeOOH. According to experiments, the early oxidation rate played an important role in the crystal growth process. Most of the crystal nuclei were formed during the initial oxidation phase. With the increase of oxidation rate, the size and aspect ratio of the final product decreased. Therefore, when the early oxidation rate was relatively faster, many small seed crystals could be formed, whereas a large seed crystal would be formed when the early oxidation rate was relatively slower. In addition, temperature and synthesis conditions may affect the crystallinity of goethite. The presence of OM also affected the crystallization of goethite (Philippe et al., 1985; Prélot et al., 2003). Kodama and Schnitzer (1977) investigated the effect of many aliphatic carboxylic acids and hydroxy carboxylic acids with low molecular weight on the crystallization of hematite or gothite in newly precipitated hydrated ferrites. The results showed that citric, tartaric, and malic acids inhibited crystallization, but formic, acetic, oxalic, and malonic acids did not. The common feature of these inhibitory acids is that they are hydroxy-carboxylic acid (polyacid base) compounds. Xing et al. (2020) showed that HA could induce the transformation of minerals from siderite to goethite in the natural environment. The transition from siderite to goethite in the presence of HA could be divided into three stages. Initially, the released ferrous ions were chelated by HA to form Fe(II)-HA complexes. Then, Fe(II) was oxidized and crystallized to form ferrihydrite. Finally, ferrihydrite in the form of monocrystal rearranged on the surface of goethite crystal and fused with the crystal structure of goethite. Bond breaking between acid and Fe atoms occurred during crystal growth, followed by the expulsion of HA, which could then chelate with fresh Fe(II). Shi et al. (2021) further analyzed the redox properties of persistent free radicals (PFR) and reactive oxygen species (ROS) of HS with different molecular weights and their role in the reduction of goethite, which might change the crystal properties. During the reaction with goethite, PFR and phenolic hydroxyl groups were the main electron donors for the reduction of goethite by HA, while ROS inhibited the reduction of goethite. HA with higher molecular weight had a higher reductive effect on goethite.
2.1.2 Influencing factors
The OM has an inhibitory effect on the crystallization of amorphous ferric hydroxide. The strong adsorption of organic anions by amorphous ferric hydroxide may prevent their rapid crystallization (Schwertmann, 1966). This section summarizes three critical factors that influence the crystallization of gothite by OM, including pH, CO2, and Fe species.
2.1.2.1 pH
As early as 1966, Schwertmann (1966) concluded that the alkaline-extracted OM might have an inhibitory effect on the crystallization of amorphous ferric hydroxide. As widely acceptable knowledge, the hydrolysis of Fe3+ in the formation process of goethite would lead to a decrease in pH, which facilitate the transformation of iron minerals into goethite (Bruyn and De Bruyn, 1976; Yapp, 1991). Both the experimental and modelling research indicated that crystallization of goethite from amorphous ferric hydroxide preferentially occurs at pH ≤ 5 (Schwertmann and Murad, 1983; Yapp, 2001). Thus, we conclude that lower pH might decrease the solubility of OM, which weakens the inhibitory effect of crystallization of goethite by OM.
2.1.2.2 CO2
In general, CO2 affects the crystallization process of goethite mainly through the formation of a complex between carbonate and goethite. Due to the presence of CO2, there is a small amount of iron carbonate [Fe(CO3)OH] on the surface of goethite (Yapp, 1987). It is generally believed that CO2 has three sources, including CO2 from the atmosphere, oxidation of OM, and dissolution of calcite (Yapp, 2001; Tabor N et al., 2004; Fritz and Yapp, 2018). The sources might combine CO2 into goethite crystal. Presumably, the carbonates form an inner sphere surface complex at bonding sites within the structural grooves along the c-crystal axis and are subsequently trapped during particle growth along the a and b crystal axes. Thus, The C-doped goethite indirectly affected by oxidation of OM indicated that oxidation products of OM can also control the properties and purities of goethite crystal.
2.1.2.3 Iron species
At the redox interface, Fe(II) is oxidized to Fe(III), and Fe(III) can precipitate to form hydrous iron ore, which has low crystallinity and is unstable and can continue to be converted to goethite or hematite. During the process, The rate of electron transfer from HS to Fe(III) was strongly influenced by the properties of Fe(III) compounds (Bauer and Kappler, 2009). The reduced HS can reduce not only dissolved or poorly crystalline Fe(III) compounds but also highly crystalline Fe(III) minerals, but the reduction rate is slower for highly crystalline minerals like goethite. With respect to the oxidation process of Fe(II) to Fe(III), only 10% of ferrihydrite can be converted to goethite when there is no other divalent cation or other NOM (Lu et al., 2020). As summarized in Section 2.1.1, HA can chelate with the released ferrous ions to form Fe(II)-HA complexes, which accelerate the oxidation of Fe(II) by DOM in water and form monocrystals (ferrihydrite), which in turn induce the formation of goethite (Xing et al., 2020). Thus, the electron exchange process between aqueous Fe(II) and structural Fe(III), which underlies the formation of goethite crystals, is controlled by OM.
2.2 Effects of goethite on organic matter
2.2.1 Molecular properties of organic matter affected by goethite
The goethite can also affect the molecular properties of OM, including the specific ultraviolet absorbance (SUVA), molecular weight (MW), and ratio of absorbance at 250 and 365 nm (E2/E3), where SUVA is positively correlated with the aromaticity of NOM. Qin et al. (2015) investigated the fractionation of HS after adsorption onto goethite by column and batch experiments, and the results showed that the MW of HA decreased with increasing reaction time and was smaller than its initial value. E2/E3 and SUVA did not change significantly with reaction time and were smaller and higher than their initial values, respectively. Therefore, it can be concluded that HA fractions with higher aromaticity were preferentially adsorbed on the goethite. A similar study by Xing and Xing (2008) showed that E2/E3 of HA decreased with the adsorption process, indicating that goethite preferentially adsorbs more aromatic, hydrophobic, and lower-MW fractions of HA when it interacts with HA. However, in studies by Xu et al. (2022) and Wang et al. (2019), the results indicated that goethite preferentially adsorbs the higher MW fraction of HA, which was inconsistency with Kang et al. The inconsistent conclusions reached may be due to a lack of comprehensive understanding of the preferential adsorption of NOM by goethite. Thus, more researches of molecular properties of OM affected by goethite are needed in the future.
2.2.2 Influencing factors
2.2.2.1 pH
The study of Wang et al. (2019) showed that SUVA was more susceptible to pH at low concentrations of OM. Although E2/E3 of HA is almost independent of pH, E4/E6 is more influenced by pH. And MW of HA after adsorption by goethite depended on pH. Safiur Rahman et al. (2013) explained the role of pH in the effect of goethite adsorption on the MW distribution of DOM. In detail, in the solution where needle ferrite was present together with DOM, the weight-average of DOM molecular weights fraction (Da) remaining in the solution decreased with decreasing pH, and the decrease in the weight-average of DOM molecular weight fraction was more pronounced above pH 6.5. This may be due to the protonation of the surface hydroxyl groups of Fe in acidic media (pH < 6.5), which makes the surface hydroxyl groups more exchangeable and therefore contributes to the pH-dependent adsorption of the higher molecular weight fraction of organic ligands.
2.2.2.2 Ionic strength
The surface properties of OM after adsorption on goethite are influenced by the ionic strength in the solution. Gerzabek et al. (2022) proposed a supramolecular view that the screening of HA charge by electrolyte ions or the supramolecular nature of HA promoted different degrees of fractionation or aggregation of HA fractions. It then caused fractionation of HA molecules, and the average molar mass of adsorbed HA increased with ionic strength when the fractionation is fixed. Xu et al. (2022) calculated the effect of ionic strength on fractionation by modeling the decreasing negative value of the Donnan potential in solution as the ionic strength increased, which would favor the association process.
3 INTERACTIONS BETWEEN GOETHITE AND ORGANIC MATTER
3.1 Potential mechanisms
The potential interaction mechanisms of OM by goethite can be divided into six categories, including anion exchange (electrostatic interaction), ligand exchange, hydrophobic interaction, entropy effect, van der Waals force, and cation bridging as shown in Figure 3 and Table 1 (Gu et al., 1994): (1) electrostatic interaction is controlled by coulomb force, which is resulted from the negatively charged OM and the positively charged goethite at slightly acidic or acidic pH (Guhra et al., 2019). (2) Ligand exchange mainly involves the formation of complexes by coordination reaction between acid functional groups of OM, including carboxyl and phenolic hydroxyl groups and hydroxyl groups on goethite (Albuquerque et al., 2022). (3) Hydrophobic interaction is caused by some non-polar components in OM, which exhibit hydrophobicity, leading to their alienation from water molecules and their adsorption on the surface of goethite (Chen et al., 2019). (4) Entropy effect means that the complexation or adsorption between OM and goethite is driven by physical adsorption, which is conducive to entropy change (Ghosh et al., 2017). (5) The van der Waals force’s contribution to the adsorption is generally not strong, but only shows a relatively important role in a strong ionic strength system. In the case of strong ionic strength, OM is compressed, causing thinning of the electric double layer, and decreasing of polymer with electrostatic repulsion. Thus, OM is easier to affiliate the surface of goethite. The performance of hydrogen bonding is also very important (Olsson et al., 2011). (6) Cationic bridging refers to the formation of a bridge between the negatively charged goethite and the anionic or polar groups of OM by hypervalent cations (Olu-Owolabi et al., 2010).
[image: Figure 3]FIGURE 3 | Potential interaction mechanisms of OM with goethite. They mainly include anion exchange (electrostatic interaction), ligand exchange, hydrophobic interaction, entropy effect, van der Waals force, and cation bridging.
TABLE 1 | Interaction processes and mechanisms of OM with goethite.
[image: Table 1]3.2 Major influencing factors
The interactions of OM with goethite usually depends on the pH and ionic strength the of solution as well the as compositions and structure of OM, which have been carefully documented through various experiments and models (Table 1).
3.2.1 pH
In general, when the pH is slightly lower than PZC, it is conducive to the increase of the adsorption amount of organic matter by goethite. This is because the surface of goethite exhibits a positive surface charge at low pH, and most OM contains at least one acid group. The adsorption between goethite and OM mainly depends on electrostatic interaction. For example, there was no interaction between the goethite surface and organic anions when the pH was higher than the PZC of goethite, and the adsorption increased gradually with the decrease of pH. Consistent conclusions were also drawn in the adsorption of organic acids (Evanko and Dzombak, 1998), glucose (Olsson et al., 2011), diclofenac (Zhao et al., 2017), HA (Kang and Xing, 2007; Saito et al., 2003), and FA (Filius et al., 2000). In addition, the inner sphere OM—goethite complexes are easier to form at lower pH, whereas the relative solubility of outer sphere OM—goethite complexes increases with pH (Persson and Axe, 2005). It is explained that OM adsorption on goethite is mainly by ligand exchange under acid conditions, and the adsorption effect is relatively stronger. Under alkaline pH conditions adsorption is mainly controlled by hydrophobic bond and van der Waals force, and the adsorption effect is relatively weaker (Jiang, 2011).
3.2.2 Ionic strength
OM and iron oxide might exist in the form of colloid particles in the soil, sediment, and water. The electric double-layer diffuse (EDLD) model of the colloid has been widely accepted and approved. The EDLD is described as follows: when a charged colloidal particle is dispersed in an electrolyte solution, opposite charge ions in the solution will approach the surface due to electrostatic attraction, and the thermal movement of ions causes them to diffuse away from the surface. Ions with the same charge in solution show the opposite trend of movement. When the electrostatic attraction is balanced with the thermal motion, a diffusion layer mainly composed of counter-charged ions is formed on the particle surface. The increase of ionic strength will reduce the thickness of the diffusion double electric layer on the colloidal surface (Senesi and Loffredo, 1998). Therefore, some background ions in the soil and water environment will affect the interaction process (adsorption) of OM with gothite. The strong influencing ions on adsorption include Ca2+, K+, Na+, Cl−, and NO3−. Ramos found that specific metal cations would change the dispersion of organic ligands (Ramos, 1996). Ca2+ is more conducive to flocculation of OM than K+ because the chemisorption of polyvalent cations or organic ligands change the surface charge and reduce the amount of surface charge. In a study of the influence of ionic strength on the adsorption process of monocarboxylate by goethite (Norén and Persson, 2007), the maximum adsorption of acetate, benzoate, and cyclohexane carboxylate decreased with the background electrolyte (NaCl). This is because the surface complex is mainly stabilized by electrostatic force, which is affected by NaCl. The ionic strength could also change the conformation of HA, which causes the adsorption of HA on goethite to decrease with the ionic strength (Antelo et al., 2007). In addition, different adsorption responses of HA and FA by goethite to the ionic strength are also observed because of their compositions and structure (Weng et al., 2007), which will be discussed in the following section.
3.2.3 Compositions and structure of organic matter
The compositions and structure of OM also affect its interaction with goethite as shown in Table 1. According to the adsorption of simple organic acid by goethite (Filius et al., 1997), most of them formed inner sphere complex through complexation between carboxyl function in OM and goethite except citric acid, which interacted with goethite in the form of a ternary complex at the low pH. With respect to organic acids containing benzene rings, the position and number of phenolic substituents and carboxyl substituents would affect the adsorption (Evanko and Dzombak, 1998). With respect to the adsorption of monocarboxylic acid and monophenol by goethite, the hydrogen bond was the main interaction (Yu et al., 2019). The HS fraction with higher molecular weight and lower aromatic degree would preferentially be adsorbed on the surface of goethite (Xing and Xing, 2008; Tunega et al., 2009; Qin et al., 2015). It is explained that surface charge and aggregation of goethite were affected by different OMs (Dultz et al., 2018). When the surface charge of goethite changed from positive to negative, the continuous adsorption of OM on goethite caused a sharp decline of surface charge to more negative. The acidity effect of OM on the surface charge is the main factor controlling the aggregation of goethite as well as the particle concentration of goethite in the suspension.
3.3 Mathematic models
Based on the experimental research, researchers established a series of models to further depict the interaction mechanism between goethite and OM. The surface complexation model is a model to calculate the interfacial adsorption reaction, which is based on the complexation between the reaction site on the adsorbent surface and the adsorbent and considers the effect of charge change. The commonly used advanced surface complexation models include the charge distribution multi-site complexation model (CD-MUSIC model), ligand charge distribution model (LCD model), and natural organic matter charge distribution model (NOM-CD model) (Figure 4). Those surface models are based on the Langmuir model, which treats the adsorbate as a single homogeneous component bound to a surface with sites, ignoring chemical heterogeneity and polydispersity (Wang and Guo, 2020; Xu et al., 2022).
[image: Figure 4]FIGURE 4 | Conceptual models of the LCD. (I) The CD-MUSIC model calculates the distribution of organic molecules in solid and solution phases. (II) The LD model calculates the average adsorption mode of adsorbed organic molecules, which determines the input parameters of the CD-MUSIC model. (III) The amount of dissolved FA is converted to the reference material FAz−, which is used as the input of the CD-MUSIC model. The affinity constants (logKoverall), charge distributions (δZ0, δZ1), stoichiometric coefficients (a, b, c), and FA activity in solution (FAz−) were input parameters of the CD-MUSIC model. LogKoverall, δZ0, δZD and the values of a, b, c were also the output of the morphological calculations of the adsorbed FA molecules. The figure is modified according to (Mangold, 2013) and (Filius et al., 2003).
3.3.1 Langmuir model
The Langmuir model is a monolayer adsorption theory proposed by Langmuir in 1916 (Langmuir, 1917), which is based on the following four assumptions: (1) there are adsorption sites exist on the adsorbent surface, and the adsorbent molecules can only be adsorbed on the sites in a single layer; (2) the adsorption sites are homogeneous in the thermodynamic and kinetic sense (uniform surface properties of the adsorbent) and the heat of adsorption is independent of the surface coverage; (3) there are no interactions between adsorbed molecules and no lateral interactions; (4) the adsorption-desorption process is in a kinetic equilibrium (Wang and Guo, 2020). Although Langmuir model describes the equilibrium conditions for monolayer homogeneous adsorption, for most of the adsorption processes the adsorbent material is homogeneous on a macroscopic scale or in the presence of continuous stirring, so the model is also suitable for describing the adsorption process of goethite with OM.
As mentioned before, there are six main mechanisms of interaction between goethite and OM, and Langmuir adsorption model can be used to explain which mechanism plays the main role. The study by Kaiser, (2003) showed that the adsorption isotherms of OM on goethite conformed to the Langmuir equation, and the hydrophobic component was more strongly adsorbed than the hydrophilic component. Moreover, the main mechanism of interaction between OM and goethite under depended on pH conditions, i.e., the ligand exchange was mainly dominated under acidic conditions, whereas the synergistic effect of water-repellent bonds and van der Waals forces dominated under alkaline conditions. Zhou et al. (2001) investigated the interaction of goethite with FA using Langmuir’s fitting curve and found that more high-density reactive sites goethite interacted with OM through ligand exchange and electrostatic gravitational force between goethite and NOM was weak at low pH. The study by Shin et al. (1999) showed that the interaction mechanism between small molecule OM and goethite was mainly ligand exchange and electrostatic interaction by fitting the Langmuir model, whereas the interaction mechanism between OM with larger MW and goethite was mainly hydrophobic, mainly because OM with larger MW had less acidic functional groups and higher aliphatic content and was less aromatic than OM with smaller MW (Liu et al., 2010).
3.3.2 Complexation model
The CD-MUSIC model is compose of the charge distribution (CD) model and the multi-site complexation (MUSIC) model, based on the crystalline morphology and surface chemistry of minerals, with experimental data on adsorption as the main part, combined with information on the surface structure obtained in spectroscopy (Hiemstra and Riemsdijk, 1996). The CD model is a description of the inner circle complex formed by adsorbed ions on the surface of metal oxides. The MUSIC model is mainly used to describe the charge properties of metal oxides, which assumes that the metal oxides are electrically neutral inside and charged on the surface. The surface sites containing O atoms can be classified as single coordination groups (FeOH0.5−), double coordination groups (Fe2OH0), and triple coordination groups (Fe3O0.5−) according to the number of coordination Fe atoms around the O atoms of goethite. When the MUSIC model is used to simulate the predicted surface charge properties of goethite, the double coordination group (Fe2OH0) is unresponsive to protons at the pH range of 2–12 and is regarded as an inert group, so the charging reactions of goethite are described by the protonation reactions of single coordination groups (FeOH0.5−) and triple coordination groups (Fe3O0.5−) (Hiemstra and Riemsdijk, 1996; Boily et al., 2001).
The CD-MUSIC model can well fit the adsorption of various groups on the oxide surface based on only a small amount of experimental data. Researchers often use this model to model the adsorption process between goethite and OM. For example, Filius et al. (1997) used this model to determine the adsorption of lactate, oxalate, malonate, phthalate, and citrate by goethite as a function of concentration, pH, and ionic strength. Iglesias et al. (2010) used the CD-MUSIC model to study the adsorption of pesticide 4-chloro-2-methylphenoxyacetic acid (MCPA) on the surface of goethite and humic acid-coated goethite, and concluded that the adsorption of MCPA depended on the concentration of electrolyte, and the adsorption amount increased with the decrease of ionic strength. Xiong et al. (2015) used the CD-MUSIC model to depict the effects of soil FA and HA on the binding of Pb to goethite. The results showed that the adsorption of HS on goethite strongly depended on pH value and was promoted by Pb binding. Qin et al. used this model to simulate the effect of NOM with different properties on the adsorption of antibiotics (levofloxacin, LEV) to minerals. The simulation results showed that aromatic moieties of OM played a critical role in Pb absorption by NOM-coated goethite (Qin et al., 2018).
3.3.3 Ligand charge distribution model
In 2001, Filius et al. (2001) proposed an advanced modeling approach for OM-mineral interactions, which was called the ligand charge distribution (LCD) model. The LCD model makes up drawback that the information produced by infrared spectroscopy is about the local environment of individual active groups of organic acids, rather than the adsorption mode of the whole organic molecules. In the LCD model, the non-ideal competitive adsorption (NICA) model is used to describe the chemical binding of ions and surface sites to reactive ligands on HS in solution and adsorbed phases. The NICA model calculates the statistical distribution of humic ligands among the various possible chemical states that the ligands can adopt (i.e., protonation, deprotonation, complexation with surface sites, etc.). The CD-MUSIC model was used to calculate the binding and electrostatic effects of small ions to oxides and the adsorption of HS on the surface of goethite. As mentioned above, goethite surface has many types of sites. Assuming that the basic charge is caused by the protonation and deprotonation of oxygen on the single (−FeOH0.5−) and tri (−Fe3O0.5−) coordinated surfaces, the following reaction equations can be obtained as follows (Boily et al., 2001):
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
LCD models is used to describe the adsorption of various carboxylic acids by goethite. The original LCD model is only limited to carboxylic acid groups. Because FA contains both carboxylic and hydroxyl groups, Filius et al. extended the original LCD model to consider the complete form of the hydroxyl groups of the adsorbed FA molecules (Filius et al., 2003). The LCD model can simultaneously describe the concentration, pH, and salt dependence of adsorption with at least three adjustable parameters. In addition, the model can accurately predict proton co-adsorption to adapt to a wider range of conditions. The previous LCD model only tested the pH and salt concentration dependence of ferric oxide adsorption by simple organic acids and FA and did not test the FA-goethite system in the presence of multivalent cations. Therefore, Weng et al. (2005) used the LCD model in the ternary system (Ca-FA-goethite), and the model calculation showed that the interaction between Ca and FA on the surface of goethite was mainly due to electrostatic effect. In previous versions of the LCD, particle adsorption was calculated using the bulk reaction form. In this form, the concentration of completely dissociated HA molecules was required, but the calculation was incorrect in the previous LCD. In order to compensate for this deficiency, Weng et al. introduced ADsorption and AdaPTation (ADAPT) model into the LCD model (Weng et al., 2006). This new module replaced the integral reaction form of the previous LCD and defined the equilibrium conditions for the mass phase distribution. The results showed that the LCD model could fully describe the effects of pH, ionic strength, and load on the adsorption of FA, and the chemical complexation between FA and goethite was the main driving force of adsorption, whereas the electrostatic repulsion between particles and surface was the main limiting factor for further adsorption. Weng et al. (2007) continued to use the improved LCD model to study the adsorption of HA on goethite. The calculation results of the model showed that, compared with FA, the adsorption of HA was stronger and more dependent on pH value and ionic strength. The number of reactive groups per HA particle was greater than that FA particles, leading to the stronger adsorption of HA.
3.3.4 Natural organic matter charge distribution model
In the above discussion, the interaction between FA or HA and goethite can be described by LCD model. In principle, the model can relate water molecule concentration to NOM surface loading if the molecular conformation is known. But in soil, it is difficult to relate the adsorbed fraction of interacting organic molecules to the solution concentration of operationally defined NOM molecules. Therefore, it has been suggested to use virtual surface components in situ surface spectroscopy and complexation models (SCM) (Hiemstra et al., 2010). In the LCD model, NOM adsorbed on metal oxides is mainly attributed to the interaction between the carboxyl and phenolic hydroxyl groups and metal oxides, whereas in the NOM-CD model, NOM is regarded as a virtual group HNOM−1. This virtual group can form three surface complexes with the single coordination group (FeOH0.5−) on the surface of goethite, namely, the inner ring complex, the outer ring complex, and the protonated inner ring complex. Hiemstra et al. (2013) used this model to study the interaction between natural or pyrogenic HA and phosphate on the surface of goethite, and the results showed that pH-dependent oxyanion competition of the FA-goethite can be described. Otero-Fariña et al. (2017) studied the effect of NOM on the binding of arsenate and copper on goethite. The results showed that the increase of carbon content would lead to the reduction of arsenate adsorption and the enhancement of Cu adsorption on organic-mineral composite. Calculations using the NOM-CD model make it easy to predict the behavior of these ternary systems and are in good agreement with the spectral information available for copper and arsenate binding. Deng et al. (2019) studied the main characteristics that response to interaction between NOM and phosphorus/arsenic at the goethite-water interface, and the results showed that NOM affected the mobility of phosphate and arsenate at acidic pH, whereas NOM had a relatively strong influence on the mobility of arsenate at neutral pH. The competitive interaction between NOM and oxyanion at the gothite—water interface was mainly determined by the differences of carboxyl group site density, carboxyl protonation constant, and spatial distribution of adsorbed NOM. The spatial distribution of NOM adsorbed on goethite surface was related to the particle size, surface load, aromaticity, and site density of carboxyl groups in NOM. NOM-CD modeling is relatively simple when it comes to simulate the interactions between oxyanion and various NOM at the goethite-water interface, whereas LCD modeling can better differentiate the effects of different factors and mechanisms.
4 POTENTIAL ENVIRONMENTAL EFFECTS OF GOETHITE—ORGANIC MATTER INTERACTION
Goethite and OM are important components in soil, sediment, and water, and they participate many environmental processes (Figure 5). Goethite and OM are combined in two forms: adsorption and co-precipitation states. In the adsorption state, HS and other OM are wrapped on the surface of goethite. Due to the variable charge of goethite, negatively charged OM is easily adsorbed onto the mineral surface to form a complex. In the co-precipitation state, humic molecules are involved in the formation process of goethite, which can selectively retain the aromatics (Karlsson and Persson, 2012; Arroyave et al., 2016). The interaction between goethite and organic matter will affect the adsorption of metal ions, thus affecting their migration and bioavailability in water and soil, whereas the adsorption of OM by goethite will also affect the degradation of pollutants in the environment (Stewart et al., 2013; Cheng et al., 2020), and their interaction will also affect the global carbon and iron cycles as well as bury of carbon and iron (Stewart et al., 2013; Sodano et al., 2017).
[image: Figure 5]FIGURE 5 | Potential environmental effects of goethite-OM complex. The complex of goethite and OM has a variety of potential environmental effects, including complexation with metal ions to immobilize metal pollutants in soil and binding to emerging contaminants (antibiotics) to change their mobility. The combination of goethite and organic matter can change the carbon and iron cycles.
4.1 EFFECTS OF GOETHITE-ORGANIC MATTER COMPLEXES ON MIGRATION AND TRANSFORMATION OF HEAVY METAL
The functional groups in OM, especially carboxyl and phenolic hydroxyl groups, have strong interactions with the surface groups of metal oxides, which can change the migration and transformation behaviors of ions on metal oxides. As shown in Table 2, the binding of HA to goethite alters the charge and adsorption capacity of mineral particles. Compared with the system without HA, the binding capacity of goethite-HA complex to Ca2+ (Weng et al., 2005), Pb2+ (Orsetti et al., 2006), Cd2+ (Liu et al., 2019), Cu2+ (Saito et al., 2005; Jonsson et al., 2006; Weng et al., 2008) and Hg2+ (Bäckström et al., 2003) ions is increased, but the adsorption process is affected by pH, which has different effects on the metal ions. Moreover, the presence of OM will affect the morphology, fluidity, and adsorption behavior of metal ions, thus affecting the migration and transformation of heavy metal ions between soil and water. For example, in view of the effect of FA on the adsorption/desorption of Pu4+ on goethite under two conditions, researchers have proposed two possible mechanisms. One mechanism is that the formation of metal-OM complex may directly change the adsorption behavior of metal ions on the mineral surface (Buda et al., 2008). The other mechanism is that OM in solution controls the redox reactions of metals and thus indirectly affects the adsorption characteristics of metal ions (Banik et al., 2007). Further studies by Tinnacher et al. (2015) showed that the presence of FA could control the oxidation state of Pu in the 4-valent solution and make it more mobile. Moreover, Pu-FA-goethite ternary complex could enhance the transport of colloid-promoted Pu. Guo et al. (2022) found that the presence of FA significantly increased the adsorption of Pb2+ by goethite, and the free Pb2+ in goethite liquid phase decreased with the FA concentration. Three possibilities were given, Firstly, the adsorption of FA reduced the positive surface charge of goethite and increased its negative charge, so the adsorption of Pb2+ was enhanced due to the enhanced electrostatic attraction between Fe oxide and Pb2+. Secondly, FA with many functional groups on the surface was adsorbed on the Fe/Al oxide surface, which provided more binding sites for Pb2+ adsorption. Finally, FA complexed Pb2+ to form negatively charged groups, which were linked to the goethite surface by ion bridging, further enriching metal cations on the Fe oxide surface. Qu et al. (2022) also observed that the presence of HA significantly changed the morphology of Cd and Fe during the transformation of iron (hydrogen) oxides. With the increase of HA, small and irregular particles were formed, indicating the stabilizing effect of HA on iron (hydrogen) oxide nanoparticles. Owing to the rich functional groups, HA promoted the surface adsorption and fixation of Cd ions onto mineral surface from the suspension.
TABLE 2 | Effect of goethite-OM complexes on migration and transformation of heavy metals.
[image: Table 2]4.2 Coupling effects of goethite and organic matter on migration of emerging organic pollutants
With the development of economy and the continuous improvement of people’s living standards, pharmaceutical and personal care products (PPCPs) are widely used in people’s daily life, agricultural activities, and animal husbandry. These emerging organic pollutants are discharged into the environment, causing potential damage to the ecological environment and human health. Antibiotics are the most representative PPCPs, which can be divided into five groups, including sulfonamides, tetracyclines, quinolones, macrolides, and β-lacamides, according to the different functional groups and properties. At present, the adsorption of quinolones and tetracyclines on goethite is of great concern (Table 3). In the study of the effects of HA on the adsorption of levofloxacin (LEV) by goethite (Qin et al., 2016), the presence of HA increased the adsorption of LEV by goethite, because HA improved the adsorption affinity and maximum binding capacity. The hydrogen bonding and cation complexation may not be important in the complexation of LEV with HA. But, hydrophobic interactions and π-π interactions are considered to be the main mechanisms for the complexation of LEV with OM (Qin et al., 2018). In another study, the contribution of HA to ofloxacin adsorption was more than 80% of the total adsorption amount (Peng et al., 2015), which was also observed for the effect of HA on the adsorption of ciprofloxacin and tetracycline on goethite (Zhao et al., 2011; Tan et al., 2015). In summary, the interaction mechanism of antibiotic adsorption by the coupling effects of goethite and organic matter is mainly the competition between OM and antibiotic for the adsorption potential on goethite and the electrostatic interaction between goethite and antibiotic.
TABLE 3 | Coupling effect of goethite and organic matter on migration of antibiotics.
[image: Table 3]4.3 Effects of goethite-organic matter interaction on carbon and iron cycles
The interaction between OM and minerals is one of the critical processes of global bury of carbon. OM can promote the dissolution of iron oxides to increase the utilization rate of iron, and at the same time, iron oxides can protect OM from decomposition through adsorption and co-precipitation processes (Kleber et al., 2021). The interaction between iron oxide and OM includes adsorption and co-precipitation. It is widely recognized that iron oxide retains carbon through surface adsorption, but the carbon retention of OM through co-precipitation was still relatively unknown. Due to the fluctuation of pH value, oxygen content, or redox potential of the water system, soluble Fe (II) may be chemically oxidized to an insoluble Fe (III) precipitate. If OM exists in Fe(II) solution at the same time, Fe(III) and OM will co-precipitate in an abiotic way (Mikutta et al., 2014). Sodano et al. (2017) proved that co-precipitate was also an important bury process of carbon, especially in hydrogenic soil. The experimental results showed that in the presence of OM derived from straw, co-precipitation during Fe2+ oxidation and hydrolysis resulted in a higher retention of adsorbed carbon on the surface, where a large amount of OM was contained in the highly aggregated Fe-OM association. Yu et al. (2021) further demonstrated that co-precipitated HA played an important role in accelerating Fe(III)/Fe(II) cycle and degradation efficiency. Luo et al. (2022) found that co-precipitation of HA and phosphate with Fe(III) was enhanced as the pH decreased or the initial Fe(III) concentration increased. The co-precipitation of DOM and Fe (III) is ubiquitous at the redox interface. Recent studies have noted that the visible light response of semiconductor minerals and the resulting photocatalytic capacity have been proved to be the main participants of the earth surface geochemical processes (Lu et al., 2019). Iron oxides are semiconductors with good response to visible light. Under visible light irradiation, the cumulative concentration of Fe2+ (aq) at the DOM-goethite interface was significantly increased, and DOM was also oxidized (Yang et al., 2022). ROS is generated at the DOM-goethite interface under visible light irradiation. Fe2+ (aq) produced in the photocatalytic process of goethite can be re-oxidized or precipitated with inorganic carbon, resulting in the formation of secondary Fe minerals on the surface of goethite. The complex interaction among OM, iron minerals, and ROS plays an important role in the geochemical behavior of iron and carbon cycling in soil (Jickells et al., 2005; Song et al., 2022), which would affect the climate change.
5 SUMMARY AND PROSPECT
This paper mainly reviews the interaction between goethite and OM. Firstly, the mutual effects between goethite and OM, including the effect of OM on the surface properties and crystallization of goethite, molecular changes of OM by goethite, as well as their influencing factors. Secondly, OM—goethite interactions mechanisms, influencing factors, and mathematic models were summarized. This paper introduces four theoretic and empiric models, including Langmuir model, CD-MUSIC model, LCD model, and NOM-CD model. Finally, this review mainly introduces the effects of the complex of goethite and OM, especially HS, on the migration and transformation of heavy metal ions and antibiotic OM as well as carbon and iron cycles caused by goethite—OM interactions.
From this review, we found that many researchers have conducted a series of studies on the interactions between goethite and OM and their environmental effects, which provides a reference for exploring how OM affects the reactivity of goethite and the environmental behaviours of goethite - OM complex. However, the molecular pathway that NOM influences the crystallization potential and reactivity of Fe need more in-depth studies. In addition, the redox condition, compositions of OM in the solid-liquid interface from surface water, vadose zone, and aquifer are different. In the surface water or soil, fresh OM and abundant oxygen facilitate producing ferrihydrite with poor crystallization from iron oxide. Whereas, refractory OM and hypoxia facilitate formation of goethite in deep soil or aquifer. However, goethite also appears in the surface environment. To explain this phenomenon, it is necessary to conduct future mechanism studies of formation, transformation, effects of goethite—OM complexes (particulate OM or carbon-contained minerals) in different aqutic environmental systems at a molecular level.
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