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Phyto-Microbial Remediation of PFAS in Sewage Sludge: Links to Soil Properties and 
Biogeochemical Cycling with Constructed Wetland Applications 

 

Qiuen Yu 
 

Abstract 
 

Per- and polyfluorinated alkyl substances (PFAS) in biosolids repurposed from 

wastewater treatment sewage sludge threaten food safety by entering agricultural soils and the 

food chain. Around 60% of U.S. sewage sludge is repurposed as biosolids, in which PFAS 

concentrations can reach hundreds of parts per billion (ppb), far surpassing EPA’s parts per 

trillion limits of PFAS in drinking water. This research develops a cost-effective phyto-microbial 

system to treat PFAS-contaminated biosolids. For wetland soils spiked with 1 mg/kg of PFOA or 

PFBA, LC-MS results showed that chives in acidic conditions exhibited 3 times more PFOA 

uptake (60.76 µg/kg) than the chives in neutral conditions (18.92 µg/kg) over 14 days. Average 

liquid-phase phosphorus concentration in PFAS-amended acidic soils decreased from 19.40 

mg/L to 7.40 mg/L over 14 days, which was a 76.2% greater decrease compared to the 

conditions without PFAS, suggesting synergistic effects between PFAS presence and plant 

phosphorus uptake. Additionally, alkaline phosphatase (phoD) gene expression, determined via 

qPCR, increased from 1.25*105 copies/g to 2.28*105 copies/g in PFAS-amended acidic soil over 

7 days (p = 0.042). For the soil-based biosolid growth experiment involving two treatment stages 

with cilantro over 32 days, the average PFOA concentration post-treatment across all pH 

conditions was 95.8% lower compared to the no plant control, indicating high phytoremediation 

efficiency. In a third hydroponic phyto-microbial raw sludge experiment spanning 14 days, the 

chives in acidic conditions concentrated over twice the amount of PFOA in their roots (1139.5 

µg/kg) than the chives in neutral conditions (547.65 µg/kg), p = 6.6x10-5, corroborating how 

acidic pH may promote chive uptake of PFOA. Compared to PFOA, the chive roots concentrated 

higher amounts of PFBA—1897.9 µg/kg at pH 5.0 and 1960.6 µg/kg at pH 7.0. Potential PFOA 

degradation may have also occurred via microbial pathways, supported by fluoride production 

and the detection of PFAS intermediates in chive roots. This study offers important contributions 

to mitigating PFAS contamination with real-world constructed wetland applications. 

 
Key Words: Per- and polyfluorinated alkyl substances (PFAS), biosolids, phyto-microbial 
remediation, wastewater treatment plants (WWTPs), sewage sludge, pH, phosphorus cycle, 
functional gene expression 20
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perfluorobutanoic acid (PFBA, C4HF7O2 ) were selected for this study. Short-chain PFAS 
normally exhibit higher environmental mobility and lower bioaccumulation compared to their 
long-chain homologues, so PFBA is often used as a replacement compound for PFOA (Brendel 
et al., 2018; Zhao et al., 2016). Recent studies, however, revealed that short-chain PFAS may be 
just as toxic as long-chain PFAS, which necessitates comparative research between the 
environmental fate and transport of the two compounds (Solan et al., 2023).  

In total, 3 different types of plants were used: Allium schoenoprasum (chives), 
Coriandrum sativum (cilantro), and Allium fistulosum (scallions). Chives were selected as 
phytoextractors due to their popularity and fast growth in both soil and hydroponic 
environments—maturing between 7 to 10 days after being cut. Furthermore, chives have been 
shown to effectively extract the heavy metal cadmium (Cd) in soils where concentrations reached 
60 mg/kg (Eisazadeh et al., 2018). In another study, the bioaccumulation factor (BAF, 
[plant]/[soil]) of PFBA in chives was shown to be between 20.63 and 44.04, which attests to 
chives’ phytoremediation potential of PFAS (Liu et al., 2019; Xu et al., 2024). Cilantro was 
chosen because it serves as a common agricultural crop and has been shown to effectively extract 
lead (Pb) from the environment (Garrett & Trott, 2019). Finally, scallions have a small leaf area 
and thin roots, characteristics that have been correlated with enhanced phytoextraction 
efficiencies (Liu et al., 2019; Xu et al., 2024). A study by Cho et al. (2008) also revealed that the 
stem of green onions (Allium fistulosum) were able to accumulate close to 225 mg/kg of Pb when 
chelating agents were amended. Additionally, scallions are common garden plants and widely 
cultivated on large agricultural plantations, thus serving as a good model plant for crops.  

To study microbial degradation of PFAS in biosolids, a microbe-rich raw sludge slurry 
was amended to commercial biosolids in the Stage 3 growth experiment. The sludge had also 
been previously seeded with Acidimicrobium sp. strain A6 (A6), a microbe with a proven ability 
to degrade PFAS (Huang & Jaffé, 2019). Found naturally in acidic, iron-rich environments, the 
autotrophic bacterium A6 was first discovered in New Jersey’s Assunpink wetlands by Huang 
and Jaffé (2015). A6 can reductively defluorinate PFAS compounds under anaerobic conditions 
during the Feammox process—ammonium oxidation to nitrite coupled with Fe(III) reduction to 
Fe(II), with stoichiometry shown in Equation 1 below (Huang & Jaffé, 2015; Huang & Jaffé, 
2019). 

 
3Fe2O3 • 0.5H2O + 10H+ + NH+4 → 6Fe2+ + 8.5H2O + NO−2   (Equation 1) 

 
Specifically, A6 has been shown to degrade up to 60% of PFAS in 100-day incubations 

with PFOA and PFOS, supported by fluoride (F-) buildup and the production of shorter-chain 
perfluorinated intermediates (Huang & Jaffé, 2019). The expression of a novel reductive 
dehalogenase gene (rdhA) in A6 was also discovered to be strongly correlated with F- production 
(Jaffé et al, 2024). Considering A6’s ability to thrive in the environments of WWTP digester 
tanks and wetland soils, A6 may potentially present a suitable option for bioremediating WWTP 
PFAS pollution (Huang et al., 2022). 20
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The study involves the exploration of three distinct types of soils: 1) PFAS-spiked 
wetland soil amended with potting mix, 2) biosolids amended with filter cakes from a 
wastewater treatment plant (WWTP) 3) biosolid slurry amended with microbe-rich raw sludge. 
Results from this study can provide valuable insights in optimizing phytoremediation strategies 
of PFAS across a wide range of soil mediums. 

In Stage 1, the impact of soil physicochemical properties—i.e. soil pH—on PFAS 
bioavailability and chive uptake was explored, with connections to phosphorus cycling and 
microbial functional gene expressions. Certain pH levels could potentially alter the chemical 
composition of root exudates and initiate shifts in microbial communities. Hence, studying 
functional gene changes of microbes could explain why pH levels may have influenced PFAS 
uptake by plants, as well as nutrient cycling at the air-soil-plant interfaces. Phytoremediation 
stands as a cost-effective, aesthetic, and efficient method for concentrating PFAS in complex 
environmental matrices, especially since many plants can thrive under environmentally relevant 
concentrations of PFAS (He et al., 2023; Mayakaduwage et al., 2022; Nason et al., 2024; 
Nassazzi et al., 2023; Greger & Landberg, 2024). For instance, He et al. (2023) found that certain 
weed species can remove up to 41% total weight PFAS from the soil and that plants with thin 
roots and small leaf areas possessed the best phytoextraction outcomes. Yet, the impacts of soil 
pH on plant uptake of PFAS remain largely unknown, as with how PFAS contamination impacts 
phosphorus cycling and expressions of genes such as the alkaline phosphatase gene (phoD) and 
the phosphate transporter gene (pst1). Phosphorus is essential to life, making up DNA, adenosine 
triphosphate (ATP), and other major biological molecules. Because phosphorus is oftentimes a 
limiting nutrient in nature, it serves as a major component in fertilizers. The relation between 
PFAS and the phosphorus cycle, however, have not been widely explored. Thus, this growth 
experiment is crucial to bridge the knowledge gaps and supplement valuable information 
regarding how to optimize phytoextraction efficiency. 

In Stage 2, a new batch of growth experiments involving cilantro was set based on the 
results from Stage 1, with the goal of using phytoremediation to produce a usable, preprocessed 
fertilizer from PFAS-contaminated commercial biosolids. This treatment would in turn function 
as a small-scale proxy to in situ remediation of WWTP sludge. Ethylenediaminetetraacetic acid 
(EDTA), a chelating agent, was also amended to certain experimental conditions. EDTA 
increases the bioavailability of nutrients and can help plants withstand metal-contaminated soils; 
therefore, the study also tested whether EDTA presence would further promote phytoextractors’ 
health and phytoremediation efficiency. For Stage 2, two rounds of growth experiments were set 
up in biosolids amended with PFOA, where the cilantro from Round 1 was replaced with a new 
batch of cilantro in Round 2 to increase phytoremediation potential and mimic natural crop 
cycles. Stage 2 research concluded with a hydroponic growth experiment, which aimed to 
validate the effectiveness of phytoremediation at reducing biosolid PFAS concentrations while 
affirming the feasibility and safety of utilizing the treated biosolids to promote plant growth. 
Scallions were grown in water-based environments with soils collected at the end of the Round 2 
cilantro treatment, thereby modelling the spread of biosolid fertilizers on agricultural soils.  20
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Table 1: Experiment setup for the wetland soil incubation study. 
 

For soil preparations, the All-Purpose Mix was blended with Assunpink soil in a 5:1 ratio 
(Huang & Jaffé, 2018). For liquid medium preparations, pH adjustments and PFAS additions 
were made to deionized water (DIW) in 500 mL Kimax® Kimble bottles. The pH range of 5.0 to 
7.0 was chosen because it is environmentally relevant and tolerable for chives, while covering 
both acidic and neutral conditions. 

Afterwards, 100 g of soil was weighed into each cup and amended with 250 mL of the 
appropriate liquid medium. The soil and liquid were then stirred with a spatula to ensure 
saturation of the soil particles. The cups were covered with double-layer parafilm and let sit 
overnight to allow PFAS-soil sorption processes take place before day 0 (d0) sampling. 

Following d0 sampling, two chive plants with roots trimmed to approximately the same 
length were transplanted into the appropriate growth cups. The chives were cut close to the soil 
to facilitate the tracking of chive growth and ensure consistency between conditions. An 
environmental growth chamber was set up with a temperature of 25.0˚C and relative humidity of 
50%. A four head LED growth light with 12/12 hour light/dark cycle provided an equal amount 
of lighting for all cups. 

 Sampling was performed at 3 time points: day 0 (d0), day 7 (d7), and day 14 (d14). The 
d0 samples were taken without replicates, as it was unlikely for different soil compositions to 
have emerged. The d0 soil levels were marked on the cups with a sharpie. After thorough 
stirring, 10g wet weight (ww) of soil was placed into Falcon™ 15 mL Conical Centrifuge Tubes. 

Water medium pH  

PFOA (around 1 ppm) 

4.5-5.0 
with chives 

no chives 

7.0 
with chives 

no chives 

PFBA (around 1 ppm) 

4.5-5.0 
with chives 

no chives 

7.0 
with chives 

no chives 

Deionized water x2 

4.5-5.0 
with chives 

no chives 

7.0 
with chives 

no chives 
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The hydroponic-based, phyto-microbial raw sludge growth experiment had a duration of 
14 days and included 6 conditions, displayed below (Table 3). Controls without PFAS and plants 
were included.  

 
 
 
 
 
 
 
 
 
 

 
 
Table 3: Experiment setup for the hydroponic-based raw sludge incubation study. 

 
For soil preparations, Bloom® commercial biosolid and A6-seeded raw sludge were 

mixed in an approximate 5:2 ratio. The biosolid-sludge mixture was crushed and homogenized 
manually in Ziploc bags. Afterwards, 30 ± 0.5 g of the soil mixture was weighed into individual 
220 mL Falcon® sterile containers, which were used as growth cups. For liquid medium 
preparations, a set amount of DIW was mixed with a pre-calculated volume of concentrated 
PFOA or PFBA stock solution to reach an approximate final concentration of 1 ppm PFOA or 
PFBA. Since the DIW’s original pH was 5.0, a small amount of 1.0 M NaOH was added to 
create pH 7.0 liquid mediums. Subsequently, 150 mL of the tailored liquid was amended to each 
growth cup, which were then covered with double layer parafilm. The cups were placed in the 
laboratory fume hood overnight prior to d0 sampling in order to let preliminary PFAS-soil 
sorption processes take place. The d0 water level for each cup was marked with a Sharpie.  
​ Aqueous and solid-phase d0 sampling was conducted for each growth cup. A syringe and 
needle set was used to extract the liquid, which was then passed through a 0.22 µm filter for 
chemical analysis. All aqueous-phase sampling was performed in triplicate per growth cup. Soil 
samples were extracted with a spatula and placed into Falcon tubes. Sample wet weights (ww) 
per growth cup ranged between 3 g and 4 g. The soil was immediately preserved in a -20˚C 
freezer after sampling to prevent further metabolic processes from taking place.  
​ Following d0 sampling, DIW with pH 5.0 or 7.0 was amended to the growth cups to 
return the water to pre-sampling levels. Freshly excavated chives cut to similar heights and 
biomasses were weighed and placed into the cups, which were then covered with parafilm to 
minimize evaporation-induced water losses. After the chive transplant, the water levels were 
re-marked with a sharpie. The cups were placed in a fume hood at 25˚C, and a four head LED 

6 Conditions 

PFOA (1 ppm) with chives 
pH 5.0 

pH 7.0 

PFBA (1 ppm) with chives 
pH 5.0 

pH 7.0 

No plant control (1 ppm PFOA, pH 7.0) 

No PFAS control (pH 7.0) with chives 
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