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Wildfires substantially alter watershed chemistry, increasing natural organic matter (NOM) loads and nutrient fluxes into surface waters, which can stimulate algal blooms and the production of taste and odor (T&O) compounds such as 2-methylisoborneol (MIB) and geosmin. This study investigated the performance of five commercially available powdered activated carbons (PACs) in removing MIB and Geosmin from water impacted by ash-derived NOM. Adsorption experiments were conducted using NOM-free water and wildfire-generated white-ash leachate (WA-L), black-ash leachate (BA-L), and unburned vegetation leachate (UV-L), each with 7.5 mg/L DOC and varying aromaticity and molecular weights (MW) (as indicated by SUVA254 and E2/E3 ratios). Under NOM-free conditions, PACs with significant micropore volumes exhibited exceptional adsorption capabilities. PAC-4, distinguished by its narrow micropores (∼0.15 cm3/g in the 0.54–1 nm range) and high pHpzc (8.7), exhibited the highest uptake of both compounds. The adsorption kinetics revealed that within 60 min, over 80% of MIB and 90% of geosmin were removed by all the carbons. PACs with well-balanced microporosity exhibited the most rapid initial uptake (10–30 min). Under NOM conditions, UV-L led to significant pore blocking because of the presence of high-MW NOM. In contrast, WA-L, which contains smaller and more hydrophobic NOM, caused minimal suppression. Despite NOM suppression, a PAC dose of 20 mg/L enabled all PACs (except mesoporous carbon) to achieve ≥85% MIB and ≥98% geosmin removal in WA-L and partially in BA-L. These results highlight the importance of selecting PACs based on pore structure and surface chemistry, as well as the need to adjust PAC dosage during post-wildfire events.
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1 INTRODUCTION
2-Methylisoborneol (MIB) and Geosmin are naturally occurring organic compounds that impart earthy and musty odors to water. These compounds are primarily produced by cyanobacteria (known as blue-green algae) and actinobacteria, particularly during algal blooms in nutrient-rich freshwater environments (Doederer et al., 2018; Matsui et al., 2013; Newcombe et al., 2002a). Their production is influenced by various factors, such as the composition of microbial communities, temperature, nutrient availability and fluxes, and light intensity in the aquatic environment (Kim and Park, 2021; Lee et al., 2020; Otten et al., 2016; Qiu et al., 2023). The concentrations of MIB and Geosmin in water sources can exceed 100 ng/L under bloom conditions (Doederer et al., 2018; Lee et al., 2020; Watson et al., 2000). Due to their extremely low odor thresholds (4 ng/L for Geosmin and 15 ng/L for MIB), even trace levels that are not removed during water treatment may lead to consumer complaints (Kim and Park, 2021; Lee et al., 2020; Otten et al., 2016; Srinivasan and Sorial, 2011; Szczurek et al., 2024). However, their small and stable bicyclic monoterpene structure with moderate water solubility contributes to their resistance against conventional treatment processes such as coagulation, flocculation, sedimentation, filtration, and oxidations with either chlorine (Cl2) or chlorine dioxide (ClO2) (Antonopoulou et al., 2014; Cerón-Vivas et al., 2023; Mustapha et al., 2021; Qiu et al., 2023; Srinivasan et al., 2008; Srinivasan and Sorial, 2011; 2009a). Consequently, effective removal of these compounds often requires advanced and costly methods, including ozonation, advanced oxidation processes (AOPs), membrane filtration, and carbon adsorption (Doederer et al., 2018; Klausen and Grønborg, 2010; Matsui et al., 2007; Westerhoff et al., 2006). Among these, powdered activated carbon (PAC) is the most widely used technique worldwide for eliminating MIB and Geosmin from treated drinking water (Cerón-Vivas et al., 2022; Park et al., 2010; Pochiraju et al., 2022; Srinivasan and Sorial, 2011). However, the presence of dissolved organic matter (DOM) in source water can hinder PAC’s performance by competing for adsorption sites or blocking access to the PAC’s pores (Cook and Newcombe, 2004; Newcombe et al., 2002a; Srinivasan and Sorial, 2009b).
Wildfires are a major ecological disturbance, often leading to significant shifts in nutrient dynamics. These events can significantly enhance the export of nitrogen and phosphorus to water bodies via ash deposition, increased soil erosion, and hydrological alterations (De Palma-Dow et al., 2022; Emelko et al., 2011; Feller, 2005; Gustine et al., 2022; Hampton et al., 2022; Silins et al., 2009). Research has shown that elevated nutrient levels can persist in affected water sources for extended periods, increasing the likelihood of eutrophication, particularly in warm, stratified reservoirs with adequate light availability (Gleasman et al., 2025; Paul et al., 2022; Richardson et al., 2024; Tsai et al., 2017). Postfire ash transport poses further challenges by altering the composition of DOM (i.e., black and white ash-derived DOMs) in receiving waters, potentially stimulating algal growth when combined with nutrient influx (Blackburn et al., 2023; Campbell et al., 2024; Chen et al., 2021; Ferrer et al., 2021; Tsai et al., 2019; 2017).
Given the increasing frequency of wildfires and their potential impact on nutrient levels and changes in DOM composition in water sources, it is essential to assess the effectiveness of PACs in removing MIB and Geosmin when ash-derived DOM is present in raw water. Although many studies have evaluated MIB and geosmin adsorption under various water qualities, none have specifically investigated PAC adsorption performance in the presence of wildfire ash-derived NOM, leaving water utilities uncertain about the continued efficacy of PACs during postfire algal bloom events. Therefore, this study aimed to assess the effectiveness of commercially available and widely used PACs with different characteristics in removing MIB and Geosmin from water containing black and white ash-derived DOM. This study is the first to explore how ash leachates, characterized by their distinct MW and aromaticity, interact with PACs that differ in their pore structure and surface chemistry. These findings are crucial for understanding the challenges associated with post-wildfire water treatment. The findings of this study aim to assist water utilities in optimizing their treatment strategies to effectively remove MIB and Geosmin from water following wildfire events.
2 MATERIALS AND METHODS
2.1 Wildfires, unburned vegetation and ash collection
Sonomo-Lake-Napa Unit (LNU) Lightning Complex fires were ignited by several lightning strikes during the wildfire season (August-October 2020) in California (CA) and impacted five counties. The fires consumed approximately 363,200 acres and were contained on October 1 (NICC, 2020). Based on the vegetation data and analysis results, most parts of the sample collection areas (the western part of Napa County, which has mostly oak woodlands and shrublands) for this study were assumed to be exposed to moderate-to high-intensity and severe fires (Marden, 2020), forming black ash with incomplete burning and white ash with complete burning (Campbell et al., 2024). To test the objective of this study, black and white ash samples were collected following the containment of the fire at the Quail Ridge Natural Reserve, Napa County. Around 1 kg of samples (black ash [BA] and white ash [WA]) were obtained from the central location (38 28.945’ N 122 8.866’W), with an additional 5 kg of solid samples gathered from approximately a 50-m radius surrounding this central point in the northern, southern, eastern, and western directions, and subsequently mixed thoroughly. Furthermore, litter, identifiable plant parts, and duff materials were collected from nearby unaffected landscape sections as unburned vegetation (UV) and mixed thoroughly. After collection, the solid samples were dried in an oven at 30 °C for 72 h and stored in moisture-free containers until use.
2.2 Leaching experiments and water quality tests
Following a series of preliminary leaching experiments to determine the correct solid application dose, a pre-determined amount of solid samples was immersed in a B-KER2 Laboratory Test Jar (Phipps and Bird-PHIPPS), including 2 L of distilled and deionized water (DDW) for 24 h at 100 rpm to produce UV-derived leachate (UV-L), black ash-derived leachate (BA-L), and white ash-derived leachate (WA-L) waters (Supplementary Figure S1), each with a targeted dissolved organic carbon (DOC) content of 7.5 ± 0.1 mg/L. Subsequently, the leachates were filtered using pre-washed Whatman Glass filters with a filter diameter of 10 cm (pore size of approximately 0.7 µm) and PAL Supor PES membrane filters with a pore size of approximately 0.45 µm. Following filtration, water quality (WQ) tests were conducted to measure dissolved organic carbon (DOC), dissolved nitrogen (DN), UV254, SUVA254 (which indicates the hydrophobicity of the water), and E2/E3 (which is inversely related to the molecular weight [MW] of the compounds). These tests and calculations were performed using methodologies previously established and documented in the literature (Chen et al., 2023; Majidzadeh et al., 2020; Majidzadeh et al., 2019; Uzun et al., 2019; Uzun et al., 2018). Table 1 summarizes the yields, expressed as milligrams of DOC and DN per gram of solid material, along with the WQ parameters of the leachate utilized for subsequent adsorption tests, as detailed in Section 2.5.
TABLE 1 | Leaching yields and comparison of raw water quality parameters of leachate waters.	Leachate Waters	Leaching yields
(mg DOC or DN/gram solid material in 1 L DDW)	Water quality parameters in DOC-adjusted waters used for adsorption tests
	DOC
(mg/L)	DN
(mg/L)	DOC
(mg/L)	DN
(mg/L)	SUVA254
(L/mg-m)	E2/E3
	UV-L	21.73 ± 3.42	8.26 ± 1.22	7.52 ± 0.10	2.85 ± 0.14	2.22 ± 0.04	5.6 ± 0.05
	BA-L	3.81 ± 0.31	1.14 ± 0.11	7.51 ± 0.08	2.24 ± 0.11	2.66 ± 0.03	8.5 ± 0.04
	WA-L	1.33 ± 0.06	0.39 ± 0.02	7.45 ± 0.08	2.16 ± 0.08	3.38 ± 0.02	13.5 ± 0.05


Leaching Conditions: A pre-determined amount of dry solid material was agitated in DDW, for 24 h at a mixing rate of 100 rpm. Subsequently, the samples underwent filtration using 0.7 μm glass filters and 0.45 μm PES, membrane filters, respectively. UV-L, unburned vegetation-derived leachate, BA-L, black ash-derived leachate, and WA-L, white ash-derived leachate waters.
2.3 Adsorbent preparation and characterization
Five commercially available and widely utilized activated carbons for water treatment were selected for this study. The adsorbents were obtained from three different Carbon Corporations in the United States (US) as granular activated carbons (GACs), which were produced from distinct materials, namely, wood, bituminous coal, and lignite coal. Before application to the solution, the GACs were ground and sieved through a Micro Sieve Shaker kit to obtain PACs with a particle size range of 44–74 µm (mesh size of 200–325) and named PAC-1, PAC-2, PAC-3, PAC-4, and PAC-5. Subsequently, the PACs were rinsed with DDW in 1-L glass beakers, with stirring maintained at 20 rpm. Any light PACs that remained suspended in the water were removed daily, and the discarded volume of water was replenished in the beaker for the seven-day rinsing period. The supernatant was then decanted, and the PACs were dried in an oven at 104 °C for 48 h. Subsequently, the adsorbents were cooled and stored in glass bottles within a vacuum desiccator until use (i.e., adsorbent characterization and adsorption experiments).
PACs’ surface area and pore characteristics (i.e., pore volumes [cm3/g] and pore size distributions) of the PACs were measured using 70 points of nitrogen adsorption at 77.5 °K from a pressure of 10−6 to 1. Before nitrogen adsorption analysis, ∼100 mg of pre-dried and sieved samples were degassed at 300 °K for 10 h using an ASAP 2020 analyzer from Micromeritics Instrument Corp. (US). The specific surface area (SSA) was determined using the Brunauer–Emmett–Teller (BET) equation. Simultaneously, the pore size distribution (between 5–600 Å or 0.5–60 nm) of the PAC samples was derived from the nitrogen isotherms via Density Functional Theory (DFT) (Dastgheib et al., 2004; Gagliano et al., 2021).
To determine the point of zero charge (pHpzc) of the PACs, 5 L of 0.1 M NaCl solution was prepared using DDW. Subsequently, 1 L aliquots were separated, and the pH of each was adjusted to 3, 5, 7, 9, and 11 using NaOH and HCl. Then, 250 ± 0.1 mg of PACs was added to 50 mL of water, resulting in a 5 g-carbon/L concentration. These samples were agitated for 48 h at 100 rpm at room temperature, followed by a 12-h settling period. The pH of the samples was measured using PAC-added and carbon-free solutions. The pHpzc of the adsorbents was determined at the pH where the values of the carbon-free and the PAC-containing solutions were identical (Supplementary Figure S2) (Dastgheib et al., 2004; Gagliano et al., 2021). Table 2 summarizes the carbon feedstock material type, pHpzc, BET SSA, and DFT pore volume distribution for different pore openings.
TABLE 2 | Characteristics of PACs.	Carbons	Feedstock
Material type	pHpzc	BET
m2/g	Units	DFT pore volume distribution for specific pore openings (nm)
	nm	<0.54	<0.54–1.0	1–2	2–10	10–20	20–50	>50	Total
	PAC-1	Wood	6.9	1708	cm3/g	0.0856	0.0285	0.2724	0.7935	0.1538	0.0376	0.000	1.37
	PAC-2	Bituminous Coal	5.8	977	0.0184	0.0786	0.1925	0.1314	0.0074	0.0035	0.000	0.49
	PAC-3	Bituminous Coal	9.7	774	0.0576	0.1007	0.1182	0.1183	0.0188	0.0080	0.000	0.42
	PAC-4	Bituminous Coal	8.7	822	0.0260	0.1512	0.1443	0.0454	0.0090	0.0012	0.000	0.37
	PAC-5	Lignite Coal	5.9	523	0.0536	0.0300	0.0623	0.1911	0.0904	0.0688	0.067	0.56


N/D, not detected.
2.4 Chemicals and detection of MIB and geosmin
The standards of MIB were characterized as a white crystalline powder, and Geosmin, a liquid ranging from colorless to slightly yellow, was obtained from FUJIFILM Wako Pure Chemical Corporation. Supplementary Table S1 summarizes the key physical and chemical properties of MIB and Geosmin. Geosmin-d3, a neat standard with an MW of 185.32 g/mol, was obtained from Millipore Sigma. Initially, primary dilution stocks (PDS) of 10 μg/L were prepared by adding a predetermined amount of chemicals to 10 mL of DDW. Subsequently, a predetermined quantity of the mixture was introduced into glass Phase Microextraction (SPME) vials containing 10 mL of DDW and 3 g of NaCl to achieve calibration standards ranging from 0.625 to 160 ng/L (nine points: 0.625, 1.25, 2.5, 5, 10, 20, 40, 80, and 160 ng/L). Additionally, 100 ng/L of Geosmin-d3 was spiked into all calibration and other samples as an internal standard for GC-MS analysis. Owing to the volatile nature of the target compounds, the samples were sealed with metal screw caps covered by PTFE/silicon septa (Ariturk, 2021).
All extractions were conducted using a PAL automated SPME fiber assembly, 50/30 µm DVB/CAR/PDMA from Millipore Sigma. An Agilent 7890B gas chromatograph coupled with a 7000C Triple Quadrupole mass spectrometer was used to quantify MIB and Geosmin. The injector was operated at 250 °C in splitless mode. A 30 m × 0.25 mm ID×0.25 µm HP-5MS column was used for the separation. The temperature program commenced at 40 °C, maintained for 2 min, then increased to 220 °C at a rate of 20 °C/min, and held for 4 min. The transfer line temperature was maintained at 250 °C. Tandem mass spectrometry analysis employed electron ionization (EI), and the target compounds were quantified in multiple reaction monitoring (MRM) mode. Details regarding the GC/MSMS analysis, detection levels (DL), and minimum reporting levels (MRL) for MIB and Geosmin tests have been previously published (Ariturk, 2021; Soyluoglu et al., 2022; Soyluoglu, 2023). During GC/MSMS analysis, spike samples of 100 ng/L MIB and 100 ng/L Geosmin in DDW were analyzed after nine-point calibrations and every 20 to 25 samples, yielding average ± SD concentrations of 100 ± 9 ng/L for MIB and 100 ± 6 ng/L for geosmin (n = 32).
2.5 Adsorption experiments
To determine the equilibrium uptakes of MIB and Geosmin from organic matter-free DDW and leachate waters, varying doses of PACs—specifically 3, 5, 10, 20, and 40 mg/L—were introduced into solutions (i.e., DDW [NOM-free], UV-L, BA-L, and WA-L) containing 250 ± 5 ng/L of MIB and 250 ± 5 ng/L Geosmin. Equilibrium was achieved after 72 h of mixing at 150 rpm in amber glass bottles with a sample volume of 125 mL. After contact, the samples were filtered using 0.2-µm membrane filters to remove carbon from the solutions. Final MIB and Geosmin were determined using GC/MS-MS (described in Section 2.4), and the uptake was calculated using Equation 1.
qe=V Co−Cem(1)
Where Qe represents the adsorption capacity (ng/mg-carbon), and V and m denote the solution volume (mL) and adsorbent dose in solution (mg), respectively. The symbols Co and Ce correspond to the initial and final concentrations of the adsorbates in the solution, respectively, and are expressed in ng/L.
To evaluate the removal kinetics, 20 mg/L of PACs were introduced into 125 mL of NOM-free water (DDW) and leachate waters (UV-L, BA-L, and WA-L), each containing 100 ± 5 ng/L of MIB and 100 ± 5 ng/L of geosmin. Liquid samples were collected at intervals of 10, 30, 60, 90, and 120 min after PAC addition, and the concentrations of Ce were measured as previously described. Subsequently, the percent removal was calculated using Equation 2.
Removal,%= Co−CeCo x 100(2)
To further quantify the adsorption kinetics, the pseudo-first-order (PFO) kinetic model was employed to describe the time-dependent concentration changes of MIB and geosmin. The PFO model was selected for its efficacy in capturing diffusion-limited characteristics of MIB and geosmin adsorption onto PAC. It demonstrated superior statistical fits and provided mechanistically interpretable rate constants compared to alternative models. The model assumes that the adsorption rate is proportional to the number of unoccupied adsorption sites and is commonly used to describe physical adsorption. Mathematically, the PFO model is represented as:
Ce=Co . e−kt(3)
where Ce represents the aqueous-phase concentration (ng/L) at time t (min), Co denotes the initial concentration (ng/L), k is the PFO rate constant (min-1), and t is the contact time (min). For further details of the analysis, please refer to the SI.
One limitation is that adsorption isotherms and kinetic profiles were measured once per isotherm or kinetic test, preventing statistical analyses such as ANOVA or t-tests. This design choice was necessary given the extensive experimental matrix, which included over 240+ isotherms and 240+ kinetic points, along with 700+ Quality Assurance and Quality Control (QA/QC) and calibration samples (please refer to Section 2.4). However, to ensure data reliability, rigorous QA/QC protocols were implemented, and trends were assessed through model fitting (e.g., isotherm models and pseudo-first-order kinetics) and descriptive comparisons.
3 RESULTS AND DISCUSSION
3.1 Water quality of leachate waters
The levels of DOC (21.73 ± 3.42) and DN (8.26 ± 1.22) measured in UV-L were significantly higher (p < 0.05), yielding mg DOC or DN per gram of solid material in 1 L DDW, compared to the ash leachates (Table 1): BA-L and WA-L yields were 3.81 ± 0.31 and 1.33 ± 0.06 for DOC, and 1.14 ± 0.11 and 0.39 ± 0.02 for DN, respectively. This suggests that wildfire combustion diminishes the mass of water-extractable dissolved organic matter (WE-DOM). The degree of combustion completeness, often indicated by white ash, is associated with greater losses in WE-DOM. This is because high-severity fires tend to volatilize or oxidize organic compounds, resulting in ash that is richer in minerals and poorer in DOM (Bodí et al., 2014; Chen et al., 2022; 2020; Tsai et al., 2017). As previously mentioned, the DOC content was adjusted to 7.5 ± 0.1 mg/L (generally, 2–10 mg/L DOC is present in natural water). (Cook et al., 2001; Cook and Newcombe, 2004). used DDW to evaluate the adsorption efficiency of PACs. Consequently, the DN content was measured proportionally (Table 1). In these waters, the SUVA254 value for BA-L was higher than that for UV-L, whereas white ash exhibited the highest value. Additionally, the E2/E3 value for black ash exceeded that of the unburned material, with white ash exhibiting the highest value. Higher SUVA254 values in black and white ash indicated increased aromaticity, whereas higher E2/E3 ratios suggested a reduction in the MW of DOM. This reflects fire-induced aromatic condensation and the molecular fragmentation of DOM. (Chen et al., 2020; Weishaar et al., 2003). Therefore, these results indicate that the MW of DOMs follows the order UV-L > BA-L > WA-L. In the subsequent sections, a critical evaluation and discussion will be conducted on the removal of MIB and Geosmin, considering the properties of PACs (Table 2), the relative aromaticity of DOM, and the proposed MW orders.
3.2 Adsorbents
PAC-1, derived from wood, demonstrated the highest BET surface area (∼1708 m2/g) and total pore volume (∼1.37 cm3/g) (Table 2). Its porosity is predominantly mesoporous (∼0.98 cm3/g) with a significant microporous fraction (∼0.39 cm3/g). In contrast, PAC-2 and PAC-3, sourced from bituminous coal, exhibited substantial microporosity (∼0.29 and ∼0.28 cm3/g, respectively) and moderate mesoporosity (∼0.14 and 0.15 cm3/g). PAC-4 also displayed high microporosity (∼0.32 cm3/g) but limited mesoporosity (<0.06 cm3/g). PAC-5, derived from lignite coal, was characterized by prominent mesoporosity (∼0.35 cm3/g), although its microporosity was relatively low. Given the importance of micropores in the adsorption of MIB and Geosmin, DFT pore volume distributions were further examined. For pores in the 1–2 nm range (10–20 Å), the ranking was PAC-1 > PAC-2 > PAC-4 > PAC-3 > PAC-5. For the narrower 0.54–1 nm range [as the target compounds cannot enter pores smaller than 0.50 nm (Supplementary Table S1), and the instrumental method measures 0.54 nm, which is the closest size to 0.50 nm, this range was chosen], the order was PAC-4 > PAC-3 > PAC-2 > PAC-5 ∼ PAC-1 (Figure 1a). These trends highlight the heterogeneity in PAC structures and their potential efficacy in the removal of small MIB and Geosmin compounds, with BET areas ranging from 523 to 1708 m2/g and DFT pore volumes for micropores (Figure 1a) and mesopores (Figure 1b) spanning 0.04–0.39 cm3/g and 0.05–0.98 cm3/g, respectively. The pHpzc values varied from 5.8 to 9.7 for the adsorbents (Table 2).
[image: Two bar charts labeled (a) and (b) display DFT pore volume in cubic meters per gram for different PAC samples. Chart (a) shows data for pore sizes 0.54-1 nanometers and 1-2 nanometers, while chart (b) shows data for 2-10 nanometers, 10-20 nanometers, and 20-50 nanometers. Each chart compares values across PAC-1 to PAC-5. Chart (a) has lower pore volumes, while chart (b) shows higher variations with PAC-1 having the largest volume.]FIGURE 1 | DFT pore volume distribution for the carbons for distinct micropores (a) and mesopores (b) fractions.Consequently, as previously described, adsorption experiments were conducted using NOM-free, UV-L, BA-L, and WA-L to assess the objectives. The adsorbent dosage was varied to determine the uptake while keeping the adsorbate concentration constant, with calculations performed as previously explained. This approach aimed to ensure that the PAC dosage for the kinetic experiments was determined based on experimental results rather than arbitrarily. Thus, adsorption uptake was evaluated by varying the adsorbent dose from 3 to 40 mg/L while maintaining MIB and Geosmin concentrations at 250 ± 5 ng/L. The Freundlich isotherm (SI), which accommodates multilayer adsorption, is particularly effective at the low concentrations typically encountered in drinking water applications (Kim et al., 2014; Matsui et al., 2013; Newcombe et al., 2002b). Although both Langmuir and the Freundlich isotherm models were evaluated in this study, the discussion focuses on the Freundlich isotherm fitting parameters because of their superior performance, which aligns with the existing literature (Bong et al., 2021; Matsui et al., 2013).
3.3 MIB and geosmin uptake in NOM-Free water
The results indicate distinct trends in adsorption performance, which can be attributed to the collective interactions between the accessible pore volume, surface area, and surface chemistry (Belhachemi, 2021). Despite both compounds (i.e., MIB and Geosmin) being hydrophobic, low in MW, and neutral under experimental conditions, subtle differences in their molecular dimensions and polarity (Supplementary Table S1) lead to variations in adsorption behavior across different PAC types.
Microporosity was key to the adsorption capacity and affinity for both compounds in this study. PAC-4 showed the best uptake of MIB (Qe = 73.75 ng/mg) and geosmin (Qe = 77.17 ng/mg) at a 3 mg/L PAC dosage (Figures 2a,b). This is due to its predominant pore fraction in the 0.54–1.0 nm range (0.1512 cm3/g), which aligns with the diameters of MIB and Geosmin. These results support previous studies highlighting the importance of narrow micropores (<1.2 nm) in the adsorption of small, hydrophobic compounds (Ma et al., 2019; Newcombe, 1999; Newcombe et al., 2002a; Pelekani and Snoeyink, 1999; Zhang et al., 2011). PAC-1 showed strong uptake of both compounds. This aligns with its extensive BET surface area of 1708 m2/g and significant micropore volume. Although PAC-1 has a micropore volume like that of PAC-4, its wider pores (1–2 nm) may cause lower confinement energy and weaker interactions with MIB and Geosmin. PAC-3, despite having a smaller BET and micropore volume than PAC-1, achieved comparable Qe values—70.93 ng/mg for MIB and 77.30 ng/mg for geosmin compared to PAC-4. This suggests that the size of pore openings might be more important than the total micropore volume, as PAC-3 contains significant 0.54–1.0 nm pores (0.1007 cm3/g), matching the optimal adsorption range of MIB and Geosmin. PAC-5, dominated by mesoporosity (0.35 cm3/g), performed well for geosmin (Qe = 66.88 ng/mg) but lagged in MIB removal (Qe = 51.93 ng/mg). PAC-5’s low micropore volume indicates weaker confinement and reduced adsorption. PAC-5’s high Freundlich exponent (n = 5.03) and Kf (27.89) (Supplementary Table S2) for geosmin suggest that surface interactions may dominate under NOM-free conditions. The weaker R2 values (0.88 for geosmin and 0.95 for MIB) indicate less consistent adsorption due to the heterogeneous surface. These findings show that mesopores aid transport but do not enhance the adsorption of small compounds without favorable surface chemistry (Alver et al., 2022; Ariturk, 2021; Kim et al., 2014). At 5 and 10 mg/L, PAC-4, PAC-3, and PAC-1 consistently showed higher Qe values for both compounds, highlighting the role of accessible microporosity. At 20 mg/L, the adsorption capacities converged to approximately 12 ng/mg, indicating active site saturation, thereby rendering pore structure differences less critical at higher doses.
[image: Two line graphs labeled a) and b) show the effect of different Polyaluminum Chloride (PAC) doses on Qe, measured in nanograms per milligram, with doses ranging from 0 to 40 milligrams per liter. Qe decreases as PAC doses increase. Both graphs use different colored markers for PAC-1 to PAC-5, with a legend indicating corresponding colors: PAC-1 (red), PAC-2 (magenta), PAC-3 (blue), PAC-4 (yellow), and PAC-5 (green).]FIGURE 2 | Uptakes (Qe)(ng/mg) versus PAC dose (mg/L) for MIB (a) and for Geosmin (b) in NOM-free water. Freundlich isotherm fitting parameters are presented in Supplementary Table S2 and discussed accordingly.Surface chemistry, particularly pHpzc, modulates the strength of adsorptive interactions, whereas the pore structure dictates physical accommodation. PAC-4 and PAC-3, with high pHpzc values (8.7 and 9.7), showed stronger affinities for both compounds, as indicated by higher Freundlich constants (Kf) and slope factors (n) (Supplementary Table S2). For MIB, PAC-4 had the highest Kf (30.75) and n (3.01), while for Geosmin, it showed Kf = 51.33 and n = 2.90, with the best model fit (R2 = 0.98). Surface hydrophobicity at neutral pH enhances nonpolar compound adsorption, which is consistent with the findings of Pelekani and Snoeyink, 1999, who demonstrated that hydrophobic PAC surfaces favor the removal of taste-and-odor compounds from clean water systems (Ariturk, 2021; Bong et al., 2021). PAC-2, with the lowest pHpzc (5.8), showed moderate uptake of MIB (Qe = 57.06 ng/mg) and Geosmin (Qe = 74.67 ng/mg), despite a relatively high micropore volume (∼0.078 cm3/g for 0.54–1 nm, 0.19 cm3/g for 1–2 nm pore openings). The lower Freundlich constants (MIB: Kf = 6.68; geosmin: Kf = 21.82) and weaker R2 values (0.99 for MIB, 0.85 for geosmin) indicate that surface polarity may reduce the affinity, particularly for geosmin, which is slightly more polar than MIB (Ariturk, 2021; Bong et al., 2021; Guo et al., 2008).
Freundlich fitting model results (Supplementary Table S2) showed heterogeneous surface adsorption for both compounds. For MIB, best fits were PAC-2 (R2 = 0.99), PAC-4 (R2 = 0.98), and PAC-3 (R2 = 0.84). For Geosmin, PAC-4 led (R2 = 0.98), followed by PAC-3 (R2 = 0.95) and PAC-1 (R2 = 0.89). Strong fits indicate multilayer adsorption or variable energy sites typical of PACs. High Kf values (PAC-4: 30.75 for MIB, 51.33 for Geosmin) and n values (>2) show favorable adsorption. The better PAC performance for Geosmin over MIB—despite Geosmin’s size—is notable. This may be due to its higher hydrophobicity in the absence of NOM competition.
In summary, in the absence of NOM, PAC-4 exhibited the highest adsorption capacity and affinity owing to its ideally arranged pore structure and advantageous surface characteristics. PAC-3 exhibited high performance, indicating its efficiency, despite its relatively low BET surface area. While PAC-1’s high BET surface area contributed to good uptake, its less optimized pore size limited its performance. PAC-5 was less effective due to insufficient microporosity or less favorable surface chemistry. These findings align with the literature, which emphasizes the importance of narrow micropores and hydrophobic surfaces for the effective removal of trace-level compounds (Newcombe, 1999; Pelekani and Snoeyink, 1999). The results collectively indicate that microporous PACs with sufficient and accessible pore volumes (pore openings of 0.54–2), along with a higher pHpzc, provide optimal accessibility and confinement for both MIB and Geosmin.
3.4 Impact of NOM on MIB and geosmin uptake
The influence of NOM origin and composition on MIB and Geosmin adsorption was evaluated by analyzing the adsorption behavior across three water types: WA-L, BA-L, and UV-L, each containing ∼7.5 mg/L DOC (Figure 3). Despite identical DOC concentrations, the adsorption performance varied significantly owing to the NOM characteristics, specifically the SUVA254 and E2/E3 ratios, which indicate aromaticity and molecular weight, respectively. With a high E2/E3 ratio (13.5) and moderate SUVA254 (3.38 L/mg·m), WA-L suggests aromatic and low-MW NOM characteristics. BA-L, with an intermediate E2/E3 ratio (8.5) and moderate SUVA254 (2.66), indicates transitional NOM, which is more humified than WA-L, yet more aromatic than UV-L. UV-L, with a low E2/E3 ratio (5.6) and lower SUVA254 (2.22), reflects less aromatic, higher-MW fulvic-like substances (Table 1).
[image: Graphs showing the relationship between PAC dose and adsorption capacity (Qe) for different PAC types (PAC-1 to PAC-5) under three conditions: WA-L, BA-L, and UV-L. Each row represents a condition, and two columns (labeled a and b) show varying trends of Qe values as PAC dose increases. Dotted lines connect data points for each PAC type with distinct colors for differentiation. Qe decreases as PAC dose increases, with specific patterns for each condition. Legends indicate PAC types and corresponding line styles.]FIGURE 3 | Uptakes (Qe)(ng/mg) versus PAC dose (mg/L) for MIB (a) and for Geosmin (b) in WA-L, BA-L and UV-L waters. Freundlich isotherm fitting parameters are presented in Supplementary Table S2 and discussed accordingly.The compositional differences among the NOM sources significantly influenced the adsorption behavior (Figure 3). UV-L caused the most significant reduction in MIB and Geosmin uptake across PACs (Figures 3a,b). PAC-4’s Geosmin Qe decreased from 77.17 ng/mg (NOM-free) to 25.4 ng/mg in UV-L, while its MIB Qe dropped from 73.75 to 22.6 ng/mg under the same conditions. Despite UV-L’s low SUVA254 and low E2/E3 ratio, indicating higher MW and less aromatic fulvic-like structures, which block PAC micropores or form surface films, limiting adsorption sites. Physical pore-blocking dominates the interference mechanism of UV-L rather than direct chemical competition. The highest E2/E3 ratio and moderate SUVA254, reflecting low-MW but relatively aromatic NOM (WA-L), caused the least suppression. Although WA-L contains small aromatic moieties, they may be structurally unsuited for effective micropore competition. PAC-4 maintained high uptake in WA-L conditions (MIB Qe = 29.7 ng/mg; Geosmin Qe = 72.9 ng/mg) (Figures 3a,b), indicating that WA-L NOM did not significantly hinder micropore access. BA-L exhibited moderate suppression with intermediate E2/E3 and SUVA254 values, consistent with its partially humified character. BA-L contains mid-sized aromatic compounds capable of entering micropores, reducing adsorption efficiency. PAC-3 and PAC-4 experienced notable declines in Qe for both compounds. Freundlich constants (Kf) were approximately halved in BA-L compared to those in NOM-free waters, reflecting this intermediate competition (Supplementary Table S2).
These findings confirm that NOM suppression depends on a combination of the MW, conformation, and polarity. UV-L had larger and more disruptive molecules, whereas WA-L allowed relatively unimpeded PAC performance owing to structural incompatibility or low hydrophobicity (Newcombe et al., 2002b; Newcombe et al., 2002a; Pelekani and Snoeyink, 1999). The suppression trend was UV-L > BA-L > WA-L, with implications for PAC selection in post-fire NOM conditions. At lower PAC doses (3 and 5 mg/L), NOM impact was significant, varying performance based on PAC properties and NOM type. PAC-4 and PAC-3, which had well-aligned micropores and hydrophobic surfaces, consistently outperformed the others under competitive NOM conditions. At 10 mg/L, the uptake efficiency improved across all PACs and NOM types, although adsorption suppression remained evident in UV-L. At a 20 mg/L PAC dose, the Qe values converged across all PACs and NOM types, reaching 11–12 ng/mg for both MIB and Geosmin (Figures 3a,b). High PAC doses can overcome NOM-induced limitations by saturating competitive sites or providing an abundant, accessible surface area. The previous studies also confirm that PAC removal of organic micropollutants is dose-dependent, especially for hydrophobic compounds like MIB and geosmin (Campinas et al., 2021; Rodriguez et al., 2016). While not cost-effective for routine treatment, this threshold offers operational guidance during bloom events when NOM loading is elevated.
Although MIB and Geosmin have similar molecular size and hydrophobicity, Geosmin showed lower susceptibility to NOM interference. In UV-L waters, Geosmin Qe decreased more than MIB in most PACs, likely due to Geosmin’s slightly higher hydrophobicity (log Kow ≈ 3.6 vs. 3.3 for MIB), enhancing competitive interactions with hydrophobic NOM components. Geosmin uptakes were consistently higher in all conditions, indicating a stronger affinity for hydrophobic PAC surfaces. Freundlich isotherm modeling confirms these findings. Geosmin exhibited higher Kf and n values across the PACs (Supplementary Table S2), indicating favorable adsorption. MIB showed similar trends but lower affinity constants under NOM competition. The steeper isotherms of geosmin (n > 2.8) indicate a higher uptake efficiency at low concentrations without interference.
This study revealed the complex interplay between PAC characteristics, NOM characteristics, and PAC dose. PAC-4 exhibited the most consistent performance, which was attributed to its microporosity (ranging from 0.54–1 nm to 1–2 nm) and high pHpzc of 8.7. While ash-derived NOMs influenced adsorption, the most significant competitive or pore-blocking effects were noted in UV-L water. This suggests that higher-MW compounds can more effectively reduce uptake than their lower-MW ash-derived counterparts.
3.5 Adsorption kinetics of MIB and geosmin in NOM-free water
Isotherm experiments showed that MIB and Geosmin uptake varied among adsorbents at lower PAC doses (3–10 mg/L). However, at a PAC dose of 20 mg/L, the removal efficiencies were consistent across all PAC types and water backgrounds. This confirmed that 20 mg/L was sufficient for both compounds to reach near-optimal removal levels. Therefore, adsorption kinetics from 10 to 120 min were evaluated using 20 mg/L of each PAC, with initial MIB and Geosmin concentrations maintained at 100 ± 5 ng/L in NOM-free water.
Figures 4a, b present the kinetic removal profiles of MIB and Geosmin, respectively, across all experimental conditions, including NOM-free water and the three leachate waters (UV-L, BA-L, and WA-L). Across all PACs, more than 80% of MIB and over 90% of geosmin uptake occurred within the first 60 min, indicating rapid adsorption kinetics under non-competitive conditions. Geosmin was consistently adsorbed more rapidly than MIB, which aligns with its higher hydrophobicity (log Kow ≈ 3.6 vs. 3.3 for MIB) and favorable molecular structure for interaction with slit-shaped micropores (Newcombe et al., 2002a; Karanfil and Kilduff, 1999). Performance differences were evident within the first 10 min. PAC-2, a bituminous coal-based PAC with a balanced micropore distribution in the 1–2 nm range (0.1925 cm3/g), exhibited the fastest kinetics, removing 77.4% of MIB and 84.6% of geosmin. PAC-1, a wood-based PAC with the highest BET surface area (1708 m2/g) and high mesopore volume (0.79 cm3/g), followed closely with 70.1% MIB and 77.5% geosmin removal. PAC-3 and PAC-4 exhibited moderate early-stage performance, achieving approximately 65%–75% removal of both compounds. Simultaneously, PAC-5, with the lowest micropore volume (0.0923 cm3/g) and surface area (523 m2/g), lagged with only 63.0% MIB and 68.9% geosmin removal at 10 min. At the 30-min mark, the performance trend remained consistent. PAC-2 again led, achieving 93.6% MIB and 98.1% geosmin removal, followed by PAC-1, PAC-3, and PAC-4, each removing 78%–85% of MIB and 87%–90% of geosmin. PAC-5 remained the poorest performer, with ∼75% MIB and ∼84% geosmin removal at 30 min. These results emphasize that the 1–2 nm micropore fraction enables fast and accessible adsorption pathways for the target molecules. By 120 min, most PACs (except PAC-5) had reached near-complete removal, with ≥91% MIB and ≥98.5% geosmin removal. PAC-2 ranked highest again, achieving 97.2% MIB and 100% geosmin removal. PAC-1 performed similarly well, removing 92.0% of MIB and 98.6% of geosmin, facilitated by its extensive mesopore network and highest total micropore volume in the 0.54–2 nm range (0.3009 cm3/g). PAC-3 and PAC-4 showed similar results, with 88.9 and 91.3 percent MIB and 99 percent geosmin removal, respectively. PAC-5, on the other hand, although showing improvements over time, was the least efficient, with 86.1 percent MIB and 96.9 percent removal of geosmin, due to its limited micropore volume and surface area.
[image: Two sets of five line graphs labeled A and B show percent removal over time for PAC-1 to PAC-5 across various conditions: Litter, Black Ash, White Ash, and NOM Free. In both sets, percent removal increases over 120 minutes, with NOM Free generally showing the highest removal rates.]FIGURE 4 | Removal kinetics of MIB (a) and Geosmin (b) for PACs in NOM Free Water, WA-L, BA-L and UV-L waters. Percent removal of target compounds as a function of contact time (10–120 min) of PACs. NOM-free water is shown as blue lines with open squares, WA-L as black dashed lines with grey circles, BA-L as solid black lines with black filled circles, and UV-L as solid black lines with filled green circles.The findings align with kinetic modeling of PFOs, which indicates higher rate constants for geosmin compared to MIB across all PACs (Supplementary Table S3). Geosmin adsorbs more rapidly than MIB due to its greater hydrophobicity and superior fit into micropores. The most effective adsorbent, PAC-2, exhibited rate constants of 0.19122 min-1 for MIB and 0.31534 min-1 for geosmin, reinforcing the idea of its higher adsorption affinity. This supports the conclusion that the removal was driven not only by concentration gradients but also by the favorable availability of sorption sites and the micropore accessibility of the adsorbent. The rate constants derived from this model followed the sequence PAC-2>PAC-1>PAC-3≈PAC-4> PAC-5, reflecting the observed 10–30-min removals. These results collectively confirm that: i) rapid and high adsorption kinetics are most closely correlated with micropore volume in the 0.54–2 nm range, particularly 1–2 nm pores that offer both accessibility and faster adsorption potential; ii) mesoporosity enhances diffusion rates, particularly in the early stages of adsorption, but final performance depends more on micropore accessibility and connectivity; and iii) BET surface area alone is not predictive of performance; instead, the distribution and accessibility of functional pore sizes are critical for effectively removing small, trace-level compounds such as MIB and Geosmin.
3.6 Kinetics in the presence of NOM
NOM significantly affected MIB and Geosmin adsorption kinetics, with suppression varying by NOM type. Measurements at 10, 30, and 120 min showed that NOM impacted the adsorption rate and extent across PACs, following the order: UV-L > BA-L > WA-L. This suppression hierarchy corresponded with the NOM characteristics, including the SUVA254 and E2/E3 ratios. UV-L, with high SUVA254 and low E2/E3, contains larger aromatic macromolecules that foul PAC surfaces, whereas WA-L, with low SUVA254 and high E2/E3, comprises smaller hydrophilic and sterically excluded NOM fractions.
At 10 min, NOM showed measurable kinetic suppression. PAC-1, with a high BET surface area (1708 m2/g) and mesopore volume (0.79 cm3/g), achieved 70.1% removal of MIB and 77.5% of Geosmin in NOM-free water. Under UV-L conditions, these rates decreased to 53.5% and 61.2%, respectively. These reductions indicate rapid external fouling, particularly in PACs with open mesoporous structures. PAC-2 and PAC-4, featuring tighter micropore networks (0.2711 and 0.2955 cm3/g in 0.54–2 nm pores), showed slower but stable performance, resisting pore blockage owing to limited mesoporosity and narrower entrance pores. At 30 min, the suppression effects intensified. Under UV-L, PAC-4’s removal of Geosmin and MIB decreased from 90.6% to 84.2% (NOM-free) to 68.4% and 55.9%, while PAC-3, with a balanced micro-mesopore profile (0.2189 cm3/g in 0.54–2 nm range), decreased from 85.7% to 79.6%–62.3% and 50.1%. This indicates that UV-L induces surface fouling (blocking pores) and hinders diffusion (Karanfil and Kilduff, 1999; Newcombe, 1999; Zhang et al., 2011), especially in PACs with external mesopores such as PAC-1 and PAC-3. At 120 min, the differences across the NOM types peaked. Under UV-L, PAC-4’s geosmin removal dropped from 99% to 75.4%, and MIB from 91% to 62.4%. Under BA-L, Geosmin and MIB removal fell to 83.0% and 68.2%, respectively, showing competition for micropores by lower molecular weight aromatic NOM. With higher E2/E3 and lower SUVA, WA-L had the least impact due to steric exclusion: PAC-4 maintained 94% geosmin and 77% MIB removal, matching NOM-free values. PAC-2 also showed strong resilience across NOM types owing to its high micropore fraction in the 1–2 nm range (0.1925 cm3/g), providing selective access to MIB and Geosmin while restricting larger NOM components. Although PAC-2 had lower mesoporosity than PAC-1 and PAC-3, its pore geometry and narrower structure offered kinetic stability and lower fouling susceptibility. PAC-5 performed poorly, with the lowest BET surface area (523 m2/g), smallest micropore volume (0.0923 cm3/g in the 0.54–2 nm range), and limited mesopores. Its removal efficiency remained below 70% even in WA-L, highlighting the importance of micropore accessibility and surface chemistry in NOM-rich waters.
The observations confirm that the pore size distribution determines the kinetic resilience in natural waters. Micropores of 1–2 nm offer adsorption potential and partial NOM exclusion. While mesopores enable rapid uptake in NOM-free water, they become problematic under NOM exposure due to fouling, particularly under UV-L conditions. NOM type influences suppression: UV-L fouls PAC surfaces; BA-L competes within micropores; WA-L has minimal impact due to its hydrophilic, low-MW nature. Despite these challenges, all PACs—except PAC-5—achieved near-equilibrium removal (>85–90%) after 120 min in WA-L, and partially in BA-L, indicating that sufficient contact time and a PAC dose of 20 mg/L can mitigate suppression. This supports the notion that high dosing during NOM spikes (e.g., post-wildfire runoff) can overcome kinetic barriers and site competition (Qeq ≈ 11–12 ng/mg).
PFOs confirmed that NOM significantly suppressed MIB and geosmin adsorption rates across all PAC types. For Example, the PFO rate constant (k) for PAC-1 decreased from 0.09823 min-1 in NOM-free water to 0.00587 min-1 under UV-L for MIB, showing a ∼94% reduction (Supplementary Table S3). PAC-2, with the highest initial k (0.19122 min-1 for MIB), experienced an 85% decrease under UV-L conditions. These reductions show that NOM, particularly UV-L with aromatic and high-SUVA fractions, impedes early-stage adsorption by fouling pore entrances or occupying adsorbent active sites. WA-L, with low SUVA254 and high E2/E3, caused k to drop by over 60% in some PACs. These findings show PFO kinetic models capture early sorption rates and reflect NOM’s impact on adsorption dynamics, especially for poorly structured PACs. Overall, results showed that the kinetic suppression across NOM types supports the idea that external fouling and competitive adsorption reduce effective diffusivity in PAC pores.
4 CONCLUSION AND WATER TREATMENT IMPLICATIONS
This study examined the adsorption of MIB and geosmin using five different PACs under a range of NOM conditions, from wildfire ash leachates to unburned vegetation. The pore size distribution, surface chemistry, and NOM characteristics influence the effectiveness of PACs. PAC-4, characterized by narrow micropores (∼0.15 cm3/g for 0.54–1 nm pore openings) and a basic surface, demonstrated the highest affinity for MIB and Geosmin both in NOM-free water and in the presence of NOM. Kinetic tests revealed that pore accessibility influenced time-dependent adsorption. The suppression of ash-derived NOM followed the order UV-L > BA-L > WA-L, based on MW and aromaticity. UV-L caused pore-blocking at early contact times, BA-L led to micropore competition, and WA-L resulted in minimal suppression.
20 mg/L PAC mitigated NOM suppression, with MIB and Geosmin uptakes converging across PAC types. This dosing threshold is a guideline for water quality disturbances, although doses may vary with DOC content. Climate change increases the frequency of wildfires globally, introducing ash-derived DOM into source waters. These NOM forms exhibit complex compositions with high aromaticity or changed molecular weights, which pose challenges for treatment strategies. The MW of DOM determines PAC interactions and trace contaminant adsorption suppression. The findings show that PACs with micropores tailored to the dimensions of MIB and geosmin offer greater NOM interference resilience. Understanding NOM’s origin and character can guide PAC selection and support integrated treatment approaches. In the realm of scientific research, future studies should utilize spectroscopic or pore analysis techniques to delve deeper into PAC–NOM interactions. This approach will help validate mechanisms such as pore fouling, hydrogen bonding, and π–π interactions, as indicated by the adsorption behavior.
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