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SUMMARY/ABSTRACT:  

Understanding the sulfur (S) nutritive value of biosolids produced by various processing 

methods is important for growers who apply biosolids to crop production fields. Our project 

goals were to determine how processing method and biosolids’ properties influence S 

availability and S fertilizer value. Fourteen biosolids materials were selected for the trial, 

including those produced with aerobic digestion (n=2), anaerobic digestion (n=5), dual digestion 

(n=1), composting (n=2), lagoon storage (n=2), sawdust blending (n=1), and alkaline 

stabilization (n=1). Biosolids were air-dried, ground, and added to a Walla Walla silt loam soil at 

a rate of 100 mg S kg-1 soil. The treated soils were incubated at 25 ℃ and extracted for SO4-S on 

days 1, 13, 29, 44, and 83. Mean plant available S was greatest for the alkaline stabilized 

biosolids (52%), followed by anaerobically digested biosolids (40%), sawdust blended biosolids 

(37%), lagoon slurry (36%), dual digestion biosolids (31%), aerobically digested biosolids (15%), 

and composted biosolids (4%). Biosolids pH, organic C:total S, total calcium (Ca), total S, and 

SO4-S concentrations were well correlated to S release rate (k), plant available S, or both. Sulfur 

mineralization of organic S compounds is known to be influenced by organic C:total S, while Ca 

and pH effects may be related to gypsum (CaSO4) dissolution and oxidation of hydrogen sulfide 

compounds. The correlations discussed here may need to be further investigated and verified 

on additional soil types and under field conditions prior to grower adoption.   

 

OBJECTIVES:  

The objectives of this research were to characterize biosolids S properties by process, evaluate 

how biosolids processing influences S release dynamics and plant available S over a growing 

season, and determine if there are biosolids properties that are correlated to S release rate and 

plant available S. 

 

 

 

 



PROCEDURES:  

 

Soil Characterization 

Soil incubations were conducted using the Walla Walla silt loam (coarse-silty, mixed, 

superactive, mesic Typic Haploxeroll), a representative soil for the dryland wheat production 

regions of Eastern Oregon and Eastern Washington where biosolids are commonly applied. The 

Walla Walla silt loam collected for this study was selected because the SO4-S concentration was 

below 10 mg kg-1, which was needed to improve sensitivity to the SO4-S concentration changes 

resulting from biosolids additions. The soil was collected from the 0-15 cm soil depth with a 

shovel from a typical agricultural field at the OSU Columbia Basin Agricultural Research Center 

in Pendleton, Oregon. Prior to analysis, the soil was air-dried and passed through a 2mm sieve. 

Selected soil properties are shown in Table 1. Soil pH was analyzed using the 1:2 soil:water 

method. Soil organic matter content was determined by the Sims and Haby colorimetric 

method using a spectrometer (Spectronic 301, Milton Roy Co., Warminster, PA, USA) (Sims and 

Haby, 1971). Soil inorganic N (NH4–N and NO3–N) was extracted using 2 M KCl and the 

supernatant was analyzed on a flow injection analyzer for both NO3–N and NH4–N (Lachat 

Instruments, Loveland, CO, USA) (Mulvaney, 1996). Soil was extracted with sodium bicarbonate 

and extracts were analyzed on a spectrometer and a flame photometer to determine Olsen P 

and Olsen K (Allied IL943, GMI, Ramsey, MN, USA) (Olsen, Cole, Watanabe, and Dean, 1954; 

Olsen and Sommers, 1982). Cations (Ca, Mg, and K) were extracted using 1.0 M ammonium 

acetate and analyzed by ICP-OES (Optima 8300, PerkinElmer, Waltham, MA, USA) (Gavlak et al., 

1997).  The SO4-S extraction method details are included in the incubation procedure 

description below.   

 

Biosolids Characterizations 

Fourteen biosolids materials were collected from various wastewater processing plants 

throughout the state of Washington during the fall of 2019. An effort was made to select 

biosolids materials that were representative of biosolids applied to dryland wheat production 

fields and covered a wide variety of wastewater processing methods and biosolids chemical 

characteristics. Information on the processing method for each biosolids material used in the 

study is shown in Table 2. Biosolids materials are grouped by process over drying method, as 

drying method was anticipated to have minimal influence on biosolids S properties and S 

release potential. The process-based groupings for biosolids materials are aerobic (n = 2), dual 

digestion (n = 1), anaerobic (n = 5), sawdust/biosolids blend (n = 1), composted biosolids (n = 2), 

lagoon slurry (n = 2), and alkaline stabilized biosolids (n = 1) (Table 2).  

Approximately 4 L of the biosolids materials were collected, compositing approximately 

15 subsamples from either in-field pile storage, or from storage ponds or lagoons at the 

treatment plant. Biosolids were refrigerated at 4 ℃ for a period of 1-14 days. Moisture content 



for biosolids subsamples was determined by weighing, drying at 60 ℃ for 5 days, and weighing 

again (Table 3). The remaining bulk of the biosolids materials was air-dried for 3-7 days at 49 ℃ 

under constant air movement. The air-dried biosolids were ground with a Wiley Mill (Single 

Speed Mill #4, Model 1188Y47, Thomas Scientific, Swedesboro, NJ) to pass a 2mm sieve. Dried 

and ground biosolids were analyzed for pH, total C, CaCO3, total N, NH4-N, and total S (Table 3).  

Biosolids pH was measured using a Lignin pH electrode (Albuquerque, NM) in a 1:5 

biosolids:distilled water slurry. Total C and N content were determined via combustion of dried 

biosolids samples with the CHN 628 analyzer (LECO, St. Joseph, MN). Total S was determined 

via digestion of 0.5 g biosolids with nitric/perchloric acid via inductively coupled plasma optical 

emission spectrometry (Perkin Elmer Optima 7300 DV, Perkin Elmer, Waltham, MA). Calcium 

carbonate content, and hence inorganic C content, was determined by titrating a mixture of 2.5 

g of biosolids, 10 ml of 1M H2SO4, and phenolphthalein indicator with 1M NaOH. Biosolids SO4-S 

was approximated using the CaPO4 extractable SO4-S concentrations from the initial biosolids 

treated soils, as described below.  

 

Lab Incubation 

Sulfur release patterns were evaluated by incubating biosolids treated soils and 

monitoring changes in soil SO4-S concentrations over time. Sulfate was allowed to accumulate 

in the soil, as opposed to being leached with water and analyzed in the leachate as described by 

Tabatabai and Chae (1991) and Wyngaard and Cabrera (2015). Maynard et al. (1983) illustrated 

that this closed system approach was as effective at estimating S mineralization and 

immobilization processes as the more aggressive open system where soils are leached of SO4-S 

regularly.  Fifteen treatments were included in the study, including the fourteen biosolids 

materials described above and one non-amended control treatment. Treatments were 

replicated four times in a completely randomized design, which equated to 60 experimental 

units. For each unit, approximately 400 g of soil (oven-dried basis) was placed in a 20 cm by 20 

cm polyethylene film resealable bag, with a film thickness of 0.05 mm. The ground and dried 

biosolids materials were added to the soil at a rate of 100 mg S kg soil-1. The incubation 

biosolids application rate was roughly equivalent to a field application rate of 224 kg S ha-1, 

assuming incorporation to the 0-15 cm depth and a soil bulk density of 2.24 million kg ha-1. 

Distilled water was added to soil and biosolids mixtures to reach a gravimetric moisture content 

of 17%. The moisture content was equivalent to 80% field capacity, reflecting field moist 

conditions. Bags were sealed immediately following water additions and incubated for 83 d at 

25 ℃. Soil moisture content of the incubated soils was measured during SO4-S extractions, as 

described in the following paragraph. Distilled water was added to soils as needed to maintain 

17% moisture content for the duration of the incubation.      

Sulfate was extracted from soils on days 1, 13, 29, 44, and 83 of the incubation using the 

CaPO4 extraction protocol described in Miller et al. (2013). Specifically, 10.0 g of moist soil was 



extracted with 25 mL of 8 mM CaPO4, shaken on an oscillating shaker (E6010.00 Shaker Power 

Unit, Eberbach Corporation, Belleville, MI) for 30 min, filtered using Whatman 542 grade filter 

paper. Sulfate extracts were frozen until the samples could be analyzed, and then filtered again 

through grade 1 filter paper. Sulfate concentration in the extracts was analyzed using 

inductively coupled plasma optical emission spectrometry (Agilent 5110 VDV ICP-OES, Santa 

Clara, CA) as described by Ajwa and Tabatabai (1993). Soils were extracted moist to avoid 

altering soil chemical composition during the drying process, therefore soil moisture 

measurements determined at each SO4-S extract event were used to calculate SO4-S 

concentration on a dry weight basis.  

 

Calculations  

Past researchers have used first-order models (Wyngaard and Cabrera, 2015) and linear 

models (Niknahad-Gharmakher et al., 2009) to describe and predict S mineralization, with one 

study questioning that any one model could be used to estimate S mineralization over time 

(Tabatabai and Chae, 1991). After evaluating both first order and linear models for this dataset, 

we came to a similar conclusion as Tabatabai and Chae (1991) that neither model consistently 

represented observed S mineralization/ immobilization patterns. Due to a need to describe and 

compare k values among the various biosolids materials, k (S release rate) was estimated in the 

present study by fitting a linear model forced through the zero intercept to net SO4-S 

concentrations at each sampling event. The first-order model failed to converge for six of the 

fourteen biosolids treatments. In comparison, there were no convergence issues with the linear 

model for any of the treatments.  

Goodness of fit was approximated based on coefficient of determination (r2) from 

original data points and not treatment means. The linear models were used to estimate SO4-S 

concentration for plant available S, which was calculated using the same method traditionally 

used to estimate plant available N, as follows: 

Plant available S = Final SO4-S conc. (mg kg-1) – Control final SO4-S conc. (mg kg-1) 

     Biosolids S added (mg kg-1) 

 

Statistical analyses 

Biosolids treatment effects on S release parameters including soil pH, SO4-S 

concentration, k, and plant available S were evaluated with Duncan’s pairwise comparison 

analysis within the ANOVA Generalized Linear Model using SAS 9.4 software. Sulfur release rate 

(k) and plant available S correlations to biosolids chemical characteristics were conducted using 

the Pearson’s correlation analysis with 2017 Systat Software Inc. within Sigmaplot 14.0. 

Predictive models for estimating S release rate and plant available S amount based on biosolids 

chemical characteristics were conducted using forward stepwise regression analyses and 

multiple parameter linear regression using 2017 Systat Software Inc. within Sigmaplot 14.0. 



 

SIGNIFICANT ACCOMPLISHMENTS: The research findings from this project were accepted for 

publication in the Soil Science Society of America Journal. The “first look” version of the article 

can be accessed at https://acsess.onlinelibrary.wiley.com/doi/10.1002/saj2.20379. The 

research findings are also being used to update the OSU Extension publication (Fertilizer with 

Biosolids) which has been accepted and is in the stage of final formatting.  

 

BENEFITS & IMPACT: Findings from these research efforts will be used to improve broad-scale 

nutrient management decisions for various types of biosolids applications materials. This will 

prevent growers from under- or over-applying supplemental fertilizers to fields receiving biosolids 

applications. Improved nutrient management can equate to improved crop yield and quality, 

reduced fertilizer expense, and reduced negative environmental impact. Findings from the 

research study were shared at the Virtual BioFest NW Biosolids Conference (September 2021) 

and at the Soil Science Society Conference in Salt Lake City, Utah (November 2021). We are also 

working with NW Biosolids to develop a newsletter article to their clientele that highlights the 

findings and recommendations generated by this work.  

 

ADDITIONAL FUNDING RECEIVED DURING PROJECT TERM: Additional funding of $30,000 was 

received from the NW Biosolids for this project. 

 

FUTURE FUNDING POSSIBILITIES: We are interested in pursuing other nutrient related projects 

with the NW Biosolids to increase the use of biosolids by PNW growers as an alternative to 

chemical fertilizers.  

 

https://acsess.onlinelibrary.wiley.com/doi/10.1002/saj2.20379

