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Chicago (MWRDGC), and University of Illinois Extension. Drs. Olawale Oladeji and Wei Zheng as well as collaborator Ms.
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» On June 25, 2021: Dr. Wei Zheng was invited by the MWRDGC to provide an oral presentation titled “Biochar in Soil and
Environmental Applications”. We included some results derived from this project and also acknowledged the Illinois NREC’s
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» In June and July 2022: The team will provide a field demonstration or field trip in the MWRDGC’s Nutrient Loss Reduction

Research Site to show the field works related to this project.
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1. Project Objectives

This proposal aims to generate designer biochars to effectively capture phosphorus from
subsurface tile drainage, recycle phosphorus-captured biochars as a slow-release fertilizer, and
keep nutrients in the closed agricultural loop. The overall goal of the project is to develop an
innovative practice to minimize phosphorus loading from subsurface tile drainage to nearby
watersheds, improve crop yields by enhancing nutrient use efficiency, and thereby increase Illinois
agricultural sustainability. To achieve this goal, the following specific objectives will be
addressed:

» Create designer biochars by pyrolysis of biomass pre-treated with lime sludge. (Projected
date of completion: 09/2019. Completed).

» Conduct a laboratory experiment to evaluate the sorption capacity of designer biochars for
phosphorus, characterize their properties, and thereby optimize biochar production
conditions. (Projected date of completion: 03/2020. Completed)

» Construct refillable biochar-sorption-channels and use designer biochars to capture
phosphorus from subsurface tile drainage by conducting a field study. (Projected date of
completion: 06/2022)

» Recycle phosphorus-captured biochars from the channels and apply them as a slow-release
fertilizer to improve soil quality and crop yields through conducting a greenhouse trial.
(Projected date of completion: 09/2022)

» Include a final report at the conclusion of this project to address each of the objectives stated
above. (Projected date of completion: 12/2022)
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2. Project Progress--Research Completion, Accomplishments, and Findings or Data
Relevant to the Project (Year 3 -- 01/2021~12/2021)

We have completed the proposed activities in Tasks 1 and 2. In Year 3, we have manufactured
designer biochar pellets to capture phosphorus from drainage water by conducting a field study.
Prior to the field study, we conducted a series of batch experiments to evaluate the adsorption
capacity of the designer biochar pellets in comparison with the lime sludge. We have built three
biochar-sorption chambers and installed them in the MWRDGC’s Nutrient Loss Reduction
Research Site at Fulton County, Illinois. The designer biochar pellets were packed into the biochar-
sorption chambers to capture nutrient loss from tile drainage water. In addition, we have also
completed the Year 3 outreach activities proposed in Task 5. There have been no major addendums
or modifications to the objectives and tasks originally proposed in the project. Overall, the project
meets the objectives both from an implementation standpoint and a time/budget standpoint.

2.1. Removal of Dissolved Phosphorus by Designer Biochar Pellets and their Sorption
Mechanisms

According to the laboratory sorption results, the wood biomass was pretreated with lime sludge.
The pretreated biomass was pelleted using a commercial biomass pelletizer. The pellets were
pyrolyzed to generate an efficient and cost-effective designer biochar under the optimal production
conditions based on the sorption capacity and cost analysis. The purpose of biomass pelletizing is
to facilitate biochar production. Also, biochar pellets have less effect on drainage water flow
compared to biochar powders.

Calcium-enriched sorbents such as lime sludge, steel slag, and gypsum have been used as
phosphorus sorption materials (PSM) to remove phosphorus from the drainage water [1-5]. In this
study, the designer biochar pellets were produced from biomass pretreated by lime sludge. As a
PSM, the phosphorus removal capacities of the designer biochars are significantly higher than
other sorbents. For example, the maximum adsorption capacity of the designer biochar can up to
over 400 mg/g, which is almost 20 times higher than the lime sludge under a same batch
experimental condition (Figure 1).

Higher adsorption capacities of the designer biochar compared to the lime sludge are attributed
their different adsorption mechanisms. The lime sludge is mostly composed of calcium carbonate
(CaCO03) with certain amounts of Mg and other minerals. The free Ca and Mg ions released from
the lime sludge may react with anionic phosphorus ions to form CaHPO4and MgHPO4:

Ca?* + HPO4*— CaHPO4 1)
Mg?* + HPO4* +XxH20 — MgHPO4 xH20 2)

Thus, these two chemical precipitation reactions are a primary mechanism for the removal of
dissolved phosphorus by the lime sludge.

By contrast, the adsorption of dissolved phosphorus on the designer biochar could be controlled
by multiple mechanisms [6]. (I) Physical sorption: Similar to carbon-based sorbents, intraparticle
diffusion is one of the adsorption mechanisms for phosphorus removal by the designer biochar.
(11) Chemical sorption: The designer biochars have high percentages of Ca and Mg since they are



produced from lime sludge pretreated biomass. Similar to lime sludge, the reactions between
dissolved phosphorus and metal ions (e.g., Ca?* and Mg?*) could precipitate CaHPO4and MgHPO4
on the designer biochar (equation 1 and 2). (I111) Catalytical sorption: In the environment, the pH
values of drainage water usually range 5~7. Accordingly, the primary phosphorus species in the
solution should be H2PO4. Alkalinity is one of the most influential properties for most biochars
because their surfaces contain a large amount of alkaline functional groups [7, 8]. When dissolved
P reaches the alkaline surface of the designer biochar, the phosphorus species H2PO4 was
converted to HPO4? and PO4*, which would react with metal ions (i.e., Ca** and Mg?*) of the
designer biochar to form CaHPO4and MgHPO4 as well as Caz(PO4)2, and Mgs(POa)2 crystals:

3Ca?* + 2P0s* — Ca3(PO4), 3
3Mg?* + 2P04* — Cas(POa):2 (4)

More importantly, the co-pyrolysis of biomass and lime sludge generated the high pH designer
biochar (pH>11), resulting in PO4> as one of the main phosphorus species in the adsorption
solutions. It is favorable for the precipitation reactions because the value of the solubility Ksp of
Cas(POs4)2 (2.0 x 10 at 25 °C) is much lower than those of CaHPO, (1.0 x 10 at 25 °C). In
addition, the pH buffer capacity of the designer biochar is stronger compared to the lime sludge,
which facilitates the precipitation reaction of the former with HPO4? and PO4* species. Therefore,
the designer biochar has a significantly higher sorption capacity compared to the lime sludge
(Figure 1), suggesting the former is a better PSM to capture phosphorus from drainage water.
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Figure 1. Adsorption isotherms for phosphate on the designer biochar and lime sludge.

2.2. Effects of Coexisting Anions on Dissolved Phosphorus Removal
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Figure 2. Effect of coexisting anions on the dissolved phosphorous on the designer biochar and
lime sludge: (a) bicarbonate (HCO3) and (b) carbonate (CO3%)



Previous studies showed that many coexisting anions can interfere with the removal of dissolved
phosphorous by PSM through competitive sorption [9, 10]. In particular, the occurrence of
bicarbonate (HCOs) and carbonate (COs*) in drainage water could significantly impact the
removal of Ca-based PSM (such as gypsum and slag) to dissolved phosphorous [3]. The effects of
the presence of HCO3 and COs%* with different concentrations on the removal of dissolved
phosphorous by lime sludge and the designer biochar are depicted in Figure 2. When the molecular
concentration levels of both HCOs™ and COs* were less than 10 mM, negligible effects of
coexisting anions on the removal of dissolved phosphorous by the designer biochar were observed
(Figure 2). By contrast, the presence of HCO3™ and COs?, even at a low concentration level (0.1
mM), could significantly reduce the removal efficiency of the lime sludge to dissolved
phosphorous (Figure 2). The results further confirm that the designer biochar is a better PSM
compared to lime sludge.

When the concentrations of HCO3™ and COs?" in aqueous solutions were increased from 10 to 100
mM, the removal efficiency of dissolved phosphorous decreased from 99% to 31% and 99% to
65% for HCO3™ and COs?, respectively. This result indicates that high levels of HCO3 and COs*
anions may compete with dissolved phosphorous on available Ca and Mg ions, and thereby
decrease the precipitation reactions of dissolved phosphorous on the surface of designer biochars.
By contrast, only 3% and 6% dissolved phosphorous were adsorbed by lime sludge when 100 mM
HCO3 and CO3s? were coexisting in the aqueous solutions. In general, the concentrations of HCO3"
and CO3? are less than 10 mM in aquatic environments including tile drainage water. Thus, the
designer biochar pellets have a great potential to capture dissolved phosphorous from drainage
water.

2.3. Field Study by Using Biochar-Sorption Chamber for Phosphorous Removal

The field study was conducted at the MWRDGC’s Nutrient Loss Reduction Research Site at
Fulton County, Illinois. This facility consists of over 13,000 acres owned by the MWRDGC, parts
of which are leased to local farmers. The MWRDGC has committed to using this site to conduct
research and demonstrate a variety of BMPs for reducing nutrient loss from agricultural fields.
Several management practices related to nutrient reduction are also being conducted at the
MWRDGC’s Nutrient Loss Reduction Research site, including bioreactors, drainage water
recycling, riparian buffers, cover corps, surface runoff recycling, and wetlands.

The field experiment was conducted in roughly a 36-acre field at the research site, which was
divided into three equal subfields (i.e., Field 1, 2 and 3; about 12 acre each) (Figure 3). The field
is in the NW Quarter Section of Section 30 of Buckheart TWP, and the NE Quarter Section of
Section 25 of Putman TWP with the coordinates of 40.477496N, 90.102987W at the center of the
field. Each subfield was installed with drainage tiles. The drainage water from each subfield passed
through three woodchip bioreactors and a biochar-sorption chamber before entering the nearby
stream (Figure 3). Each subfield has a flow control structure for the overflow discharge. In this
field demonstration study, three biochar-sorption chambers were filled with the designer biochar
pellets and placed into the drainage channel (Figure 4). The drainage water samples were collected
from influent (before biochar-sorption chamber) and effluent (after biochar-sorption chamber) to
determine the effectiveness of the sorbents on phosphorous removal. Drainage water samples were



collected weekly and within 24 hours of a rain event equaling or exceeding 0.5 inches. All collected
water samples were immediately shipped for analysis using standard approaches.
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Figure 4. Installing biochar-sorption chamber with designer biochar pellets

The daily and cumulative loads of total phosphorus and dissolved phosphorus before and after
biochar-sorption chambers are shown in Figure 5, 6 and 7 for Field 1, 2, and 3, respectively. For
total phosphorus, both its daily and cumulative loads from all three fields were observably reduced
after the drainage water passed through the biochar-sorption chambers. In particular, the daily
concentrations of total phosphorus in effluent (after biochar-sorption chambers) were significantly
lower than those in influent (before after biochar-sorption chambers) after heavy rains (Figure 5-
7). The cumulative losses of total phosphorus after designer biochar treatment were decreased
about 41% in Field 1, 44% in Field 2, and 52% in Field 3. This study suggested that the designer
biochar can effectively capture the total phosphorus and thereby reduce its loss through drainage
water.

However, the dissolved phosphorus removals by the designer biochar in three field studies were
not consistent. Moreover, the removal rate of the designer biochar pellets in the field study was
not as efficient as the laboratory study. The cumulative loads of dissolved phosphorus after
designer biochar treatment only reduced about 22% in Field 1, 3% in Field 2, and 9% in Field 3.
The low removal rates of designer biochar to dissolved phosphorus in the fields might be
attributable to the short retention time of flow-through drainage water in the biochar-sorption
chambers, resulting in no sufficient time for precipitation reactions between dissolved phosphorus



and designer biochar pellets. In Field 2, the biochar-sorption chamber was installed in the front of
woodchip bioreactor (Figure 3). The drainage water in Field 2 passed through the biochar-sorption
chamber more rapidly compared to in Field 1, resulting in the removal rate of designer biochar
pellets for dissolved phosphorus in Field 2 (Figure 5) being lower than that in Field 1 (Figure 4).
This result indicated that it could be more efficient to install the biochar-sorption chamber after a
woodchip bioreactor. In the next step, we will modify the treatment systems to improve the
dissolved phosphorus capture including using small size biochar pellets, increasing designer
biochar amounts, or controlling drainage water retention time.
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Figure 5. Daily and cumulative loads of total phosphorus and dissolved phosphorus in influent
and effluent with designer biochar treatment in Field 1.
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In addition to phosphorus, we also explored the nitrate removal from drainage water by woodchip
bioreactors and biochar-sorption chambers. For example, Figure 8 shows the daily and cumulative
loads of nitrate-N from drainage water in Field 3. It can be clearly observed that the loads of nitrate-
N were significantly reduced after drainage water passed through the woodchip bioreactor (Figure
8), suggesting naturally occurring microorganisms colonizing the woodchip could denitrify nitrate
to nitrogen gas under anaerobic conditions. By contrast, the designer biochars could not remove
nitrate-N since they are ineffective in adsorbing anionic ions such as NOsz  and NO-".

Nitrate loss with woodchip bioreactor and biochar-sorption chamber
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Figure 8. Daily and cumulative loads of nitrate-N from Field 3 with woodchip bioreactor and
biochar-sorption chamber treatments. Upstream: before woodchip bioreactor; Influent: after
woodchip bioreactor and before biochar-sorption chamber; Effluent: after biochar-sorption

chamber.

2.4. Effect of Pellet Size on Sorption Capacity of Designer Biochar to Dissolved Phosphorus

To increase the capture capacity of designer biochar to dissolved phosphorus in field study, we
investigated the effect of biochar pellet sizes on the removal of dissolved phosphorus through a
batch experiemnt. Figure 9 clearly shows that biochar pellets with small sizes could spend less
time to reach the sorption equilbrium. For example, the designer biochar with 20 mm pellet size
needed 4 hours to reach its maxium sorption capacity. By contrast, the biochar with less than 2
mm pellet size just needed 10 seconds for precipitation of dissolved phosphorus on designer
biochar. This study well explains why the designer biochar pellets we used in the biochar-sorption
chamber was ineffective to capture dissolved phosphorus from drainage water. More importantly,
it provides useful information to manufacture new designer biochar and thereby improve the
efficiency to capture dissolved phosphorus in the following field study.
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Figure 9. Effect of biochar pellet sizes on their sorption capacities for dissolved phosphorus
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3. Project Date of Initiation and Task Completion
The study began in January 2019 and will end in December 2022. This is a four-year project.

Table 1. Project Milestones, Proposed Tasks, and Anticipated Completion Dates, with
Completed Activities Indicated.

Activity 2019 2020 2021 2022

Task 1. Production of Designer Biochars and Pellet Manufacture

Task 2. Phosphorus Sorption by Designer Biochars

Task 3. Field Demonstration Studies

Task 4. Recycle Phosphorus-Captured Biochar

Task 5. Extension/Outreach Activities

Task 6. Cost-Benefit Analysis of Designer Biochars

Semi-Annual reporting (or progress reports)
Final Report Submission

4. Planned Research Activities for 2022

4.1. Modified Designer Biochar Pellets

According to the results from the previous laboratory and field studies, we will further modify the
designer biochar pellets. We will adjust the pellet size to improve the adsorption capacities of
designer biochar to dissolved phosphorus. Using small size biochar pellets could improve the
removal of dissolved phosphorus from drainage water. But we will make sure the modified pellets
won’t block drainage water flows. The new biochar pellets will be use for the following field
demonstration study.

4.2. Field Study Using Biochar-Sorption Chambers

The field demonstration study will be continually conducted in the MWRDGC’s Nutrient Loss
Reduction Research Site at Fulton County, Illinois. In November 2021, the spent biochar pellets
had been removed and new designer biochar pellets had been replaced into three biochar-sorption
chambers (Figure 10). The size of spent biochar pellets was around 20 mm and the new biochar
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pellets are mostly less than 10mm (Figure 10). Once there is water flow, drainage water samples
will be collected from influent (before biochar-sorption-channel) and effluent (after biochar-
sorption-channel) to determine the effectiveness of the new sorbent on phosphorous removal.
Drainage water samples will be collected weekly and within 24 hours of a rain event equaling or
exceeding 0.5 inches. All collected water samples will be immediately shipped for analysis using
standard approaches. The field study will be carried out for a whole year. All collected spent
biochar pellets will be used in the following greenhouse experiment.
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Figure 10. Replace and install designer biochar pellets into the drainage system.

4.3. Recycle Phosphorus-Captured Biochar as a Slow-Released Fertilizer

Greenhouse Experiment Set-up: A greenhouse experiment will be conducted to examine the
potential and efficiency of the phosphorus-captured spent biochars as a slow-released fertilizer.
This study will be conducted in a temperature-controlled greenhouse (20-25°C) at the University
of Illinois, in collaboration with the greenhouse manger. The soil will be collected from the fields
located at the MWRDGC Fulton County site. Fresh soil will be sampled from the top 15-cm (A
horizon) of the field and shipped to the greenhouse. Radishes will be used in this study.

The extractable phosphorus and total phosphorus of the spent biochar pellets will be analyzed.
According to the measured results, the phosphorus-captured biochars will be mixed with
vermiculite and soils. The biochar amended soils will be packed into black plastic cylindrical pots.
The experimental design will be a factorial randomized block design with five replications. The
grower will manage the greenhouse study according to standard greenhouse growing practices.
After harvesting, whole plants will be removed from their individual pots and weighed. The soil
from each pot will be air-dried and ground to pass through a 2-mm sieve. The soil samples before
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and after use will be analyzed for pH, soil organic carbon, total nitrogen, total phosphorus, and
dissolved reactive phosphorus.

Effect of Biochar Application on Reduction of Chemical Fertilizers: The greenhouse experiment
will be conducted to test the hypothesis that the recycled phosphorus-captured biochars can reduce
the use of fertilizers while maintaining a high crop yield. Three amendment rates (0, 0.1% and
1.0 % of biochar/soil, w/w) will be used in this task. After planting radishes, the following three
group treatments related to chemical fertilizer application rates will be performed for pots with
and without biochar amended soils:

» Normal fertilizer application rate during the growth period,
» 50% of normal fertilizer application rate during the growth period,;
> No fertilizer application rate during the growth period.

At harvest, the crop yield and soil quality will be determined for each treatment as described above.
The difference of crop yields and soil quality between different treatments will be statistically
analyzed with the t test and analysis of variance (ANOVA) with a significant level of 0.05 (p <
0.05).

4.4. Cost-Benefit Analysis of Designer Biochars for Phosphorus Capture

Currently, several phosphorous management practices are being conducted at the MWRDGC’s
Nutrient Loss Reduction Research Site. The cost-benefit analysis concerning designer biochars for
phosphorus capture and recycle will be evaluated in comparison with various phosphorous
management practices or other PSM. The evaluation includes two categories. One is the
application feasibility and treatment efficiency of the designer biochar technique on the control of
phosphorus losses in subsurface tile drainage systems. The additional benefits of designer biochars
on recycling captured phosphorus for enhancing nutrient use efficiency and maintaining high crop
yields also will be assessed. The other category is cost. Based on the study results, the costs of
biomass pretreatment and biochar production will be estimated. The nutrient value of designer
biochar as a slow-release fertilizer will be gauged. In addition, the operation cost of the designer
biochar will be compared with other phosphorus management practices in agricultural farms.
Ecosystem Exchange Service (EES) will provide cost-benefit analyses as a third party.

17



5. Budget
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Table 2. Budget analysis showing expenditures aligned with budget categories (Year 1 and 2 -- 01/2019~11/2020).

Encumbrances, and Balance:

Total . Obligations
Line Description (?(lég??) (slég?% (slég?% budget E)zsigcr"?igs (Anticipated | Balance
(Year 1~3) expense)
Total Salaries and Wages $46,741 $41,536 $39,397 $127,674 $124,258 $10,367 ($6,951)
Total Fringe Benefits $7,041 $5,592 $7,054 $19,687 $24,330 $3,092 ($7,735)
Supplies $15,000 $10,000 $10,000 $35,000 $18,864 $50 $16,086
Total Equipment $0 $0 $0 $0 $0 $0 $0
Total Travel $6,000 $6,000 $6,000 $18,000 $3,948 $0 $14,052
Total Other Direct Costs
(including Contractual $15,700 $40,700 $24,700 $81,100 $14,858 $30,000 $36,242
Service, and Publication)
Total Indirect Costs $10,053 $11,536 $9,682 $31,271 $20,693 $4,835 $5,743
Total Budget, Expenditures, | ¢ 535 | 115364 | $06,833 | $312,732 | $206950 | $48,343 | $57.439
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6. Publications or Outreach Accomplished from the Research

Publications

>

>

>

Yang, S.; Katuwal, S.; Zheng W.; Sharma B.; Cooke, R. Capture and recover dissolved
phosphorous from aqueous solutions by a designer biochar: Mechanism and performance
insights. Chemosphere. 2021, 274:129717. doi: 10.1016/j.chemosphere.2021.129717.

Katuwal, S.; Zheng W.; Sharma B. Phosphate removal from aqueous solution by gypsum-
modified biochar. (In preparation).

Katuwal, S.; Zheng W. Characterization of adsorption capacities of various sludges to
phosphate using PAC analysis. (In preparation).

QOutreach

During November 7~10, 2021, Dr. Wei Zheng attended the 2021 ASA, CSSA & SSSA
Annual Meeting. Dr. Zheng as a Leader of ASA Biochar Community organized one oral
session and one poster session titled “Biochars for Agricultural and Environmental
Application: Perspectives, Opportunity and Challenge, and one symposium” as well as one
symposium titled “Biochar for Sustainable Soil Health: Perspectives and Opportunities” with
ASA Soil Health Community. In addition, his group provided two oral presentations in the
meeting:

e Zheng W.; Katuwal, S.; Cooke, R. Designer Biochar to Capture Phosphorus Losses from
Subsurface Tile Drainage. 2021 ASA, CSSA & SSSA Annual Meeting. Salt Lake City,
UT. November 8, 2019.

e Katuwal, S.; Zheng W. Phosphate capture from aqueous solutions by gypsum-modified
biochar. 2021 ASA, CSSA & SSSA Annual Meeting. Salt Lake City, UT. November 8,
2019.

On June 28, 2021, we showcased the research project at the Illinois Farm Bureau’s Fulton
County Field Day in Cuba, Illinois. The event was hosted by the Illinois Farm Bureau, Fulton
County Farm Bureau, MWRDGC, and University of Illinois Extension. Drs. Olawale Oladeji
and Wei Zheng as well as collaborator Ms. Lauren Lurkins provided a demonstration and
presentation associated with the project on that day. Please read more about the event in the
following link: https://www.farmweeknow.com/environmental/farmers-get-rainy-glimpse-
of-nutrient-stewardship-at-work/article_03a4b890-d9de-11eb-9201-37c79f0a72ch.html

On June 25, 2021: Dr. Wei Zheng was invited by the MWRDGC to provide an oral
presentation titled “Biochar in Soil and Environmental Applications”. We included some
results derived from this project and also acknowledged the Illinois NREC’s support.
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