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Abstract: Very large quantities of carbon dioxide (CO2) will need to be removed from the atmosphere 
over the course of the next century or two to stabilize Earth’s climate at a safe temperature. A handful 
of C-drawdown approaches are available to perform this task, three of which involve soils: increasing 
stocks of soil organic matter (SOM), making biochar (BC) and storing it in soil, and enhanced weathering 
(EW) of silicate rocks such as basalt that are rich in calcium, magnesium, iron and other trace nutrients. 
Current evidence suggests that BC can promote SOM formation over the long term, and that BC and 
crushed-basalt amendments improve soil fertility. However, no work has addressed the combined 
impacts of BC and SOM on EW rates in soils, of BC and crushed basalt on the rates of EW and compost 
maturation during the composting process, of soil amendments with co-composted BC and crushed 
basalt on crop yield and quality, and of hot CO2-saturated water, prepared during BC production using 
waste heat and CO2, on rates of EW of crushed basalt. We hypothesize that these combined impacts will 
yield significant synergies in terms of crop yield and quality, compost-maturation rate, and total C 
drawdown by EW. The primary aim of this project is to quantify these synergies.  
 
Project Description: The project is organized into four tasks.  

Task 1: In cooperation with Ag Energy Solutions, Inc. (AES), measure EW rates during BC 
production using CO2-saturated water warmed by BC-process heat.  
Task 2: Measure composting efficiency and EW rates during ambient-temperature co-
composting experiments with BC, crushed basalt, and their combination.  
Task 3: Measure crop yield and quality, and EW rates, in small greenhouse/field trials involving 
BC, crushed basalt, compost, and the co-composted products. Determine EW rates by the 
amount of inorganic C (soluble bicarbonate, solid carbonate) formed during the experiment. 
Task 4: Estimate total C drawdown of various scenarios by a life cycle analysis.  
 
Undergraduates and urban interns from under-represented minorities will perform much of the 
work. Results will be summarized in a formal report and submitted for publication. 

 
Outputs: 

• Overview of Work Completed and in Progress: Efforts to date have been mostly focused on Task 
1, with some work done to prepare compost bins for Task 2. The work in Task 1 has proven 
more challenging than expected and pushed the start of Task 2 back to mid-Spring 2022. We 
obtained the basalt and designed and built fluidized bed reactors in which to conduct the basalt 
weathering. The primary challenge has been that the basalt weathering rates, while measurable, 



have been slower than anticipated, and the logistics associated with implementation during a 
biochar production run have been more cumbersome and expensive than budgeted. 
Consequently, we have separated the basalt weathering experiments from the biochar 
production and have substituted bottled CO2 for that obtained as exhaust from biochar 
production. Further, we are in the process of identifying equipment that can pre-treat the basalt 
(comminution and heating) to enhance its weathering rate. We anticipate conducting the 
comminution using equipment at the University of Idaho Department of Geology and are 
exploring whether we can perform pre-heating work at the Glass Laboratory at PNNL (this will 
require some level of approval at PNNL, since it involves use of DOE-owned equipment). 

• Methods and Results: Two tons of basalt crushed to pass a 500-µm sieve were obtained from a 
supplier in central Oregon (Fig. 1a). We designed and built a flow-through basalt-weathering 
system (Fig. 2) using conical stainless-steel reactors based on a fluidized-bed approach (Fig. 3). 
As designed, this system passed heated exhaust gas containing CO2 from the biochar reactor 
through a copper coil to heat a water bath (in which the two basalt weathering reactors were 
located) to a nominal temperature of 80°C. The exhaust gas was then bubbled through a feed 
tank containing deionized water to pre-heat it to 80°C and saturate the water with CO2. Water 
from the feed tank was then gravity-fed into the basalt reactors. The basalt suspension in each 
reactor was fluidized by a water jet system operated by a recirculating pump. When the basalt 
reactors reached full volumetric capacity, gravity overflow maintained a constant level and the 
effluent was captured in an overflow tank. We washed the basalt to remove fines (even though 
that decreased reactive surface area) in the hopes that would enable better control of bed 
fluidization (Fig. 1b).  

 

Figure 1. Photo of basalt a) as received and b) after washing to remove fines. Grid scale is 2.5 mm. (Photo: Jim Amonette) 

 
 

  



Figure 2. Schematic design of basalt weathering apparatus integrated with biochar production unit to utilize waste 
heat and CO2 to enhance weathering rates. (Figure: David Drinkard and Jim Amonette) 

 

 

Figure 3. Details of fluidized-bed reactor design showing (left) CAD drawing of stainless-steel cone (Toledo Metal 
Spinning Company, Toledo, OH), (center) fluidization jet apparatus in reactor (Photo: David Drinkard), and (right) 

demonstration of jet action with water outside of the reactor (Photo: David Drinkard). 

 
 

  



Although initially staged at the AES biochar-production site near Sprague, WA to access the heat 
and CO2 released during production, the logistics proved difficult. After demonstrating the 
ability to use these byproducts (Fig. 4), we moved the reactors to the indoor AES laboratory 
located in Spokane, WA for conduct of the basalt weathering experiments under more 
controlled conditions (Fig. 5). Heat for these experiments were provided by electric water-
heater elements inserted into each reactor and controlled by a thermostat (Fig. 5b). Beverage-
grade (99.9%) CO2 supplied by a liquid CO2 dewar was used for these experiments at a nominal 
flow rate of 7.5 scfh (212 L h-1) for each reactor. Several preliminary experiments were 
conducted. For safety reasons, the reactors could be heated only during business hours and this 
resulted in a variable temperature regime due to the thermal mass in the system.  Thus, initial 
temperatures of about 20°C and maximum temperatures of about 70°C were typical.  At the end 
of the day, heat and CO2 flow were turned off and then started up again on the next day. 
Weathering extent was estimated by the electrical conductivity of the solution (units of µmhos 
cm-1), which is proportional to the amounts of dissolved ions present (assumed to be Ca2+ and 
Mg2+ for cations and HCO3

- for anions).  

Figure 4. Basalt weathering apparatus a) connected to biochar production unit at AES field site (Photo: David 
Drinkard), and b) close-up of fluidized bed reactor in operation using heated, CO2-rich gas during biochar production 

(Photo: David Drinkard). 

 
 

  



Figure 5. (Left) Basalt weathering apparatus as set up and operating in the AES laboratory in Spokane, WA (Photo: 
David Drinkard); (Right) photo of control system for temperature in the two fluidized bed reactors (Photo: David 

Drinkard). 

 
 
The conductivity data for one experiment are shown in Fig. 6. Both reactors contained 10.5 kg 
basalt (dry wgt) in 42 L deionized water. The data show an increase in conductivity (dissolved 
ions) during the first day, indicating basalt weathering is occurring. On the second day, however, 
no further increase in conductivity is seen, even though comparable conditions were imposed 
on the basalt. Conversion of the maximum conductivity data (210 µmhos cm-1) to ionic strength 
(factor of 14.09 µmol L-1 per µmho cm-1) and assuming all conductivity stems from Ca2+ and 
HCO3

- ions yields a value of 300 mg L-1 as the solubility of CaCO3 (calcite), which is well above the 
solubility in equilibrium with air (ca. 30-55 mg L-1) or even with ten-fold higher levels of CO2 (ca. 
50-120 mg L-1) over the temperature range tested.  

Figure 6. Electrical conductivity data for example basalt weathering experiment. Data for each basalt reactor are 
shown. (Figure: Jim Amonette) 

 
Calculation of a nominal “weathering rate” during the first day of the experiment shows a 
decrease in rate with time but also with reaction temperature, which increased over the course 
of the first day (Fig. 7). Because the solubility of calcite decreases (is retrograde) with 
temperature (due to the lower solubility of gaseous CO2 in water as temperature increases) we 
fully expect that significant amounts of basalt are weathering and precipitating calcite, and this 
weathering is not measured by electrical conductivity once saturation of the weathering 
solution is reached. Failure to increase electrical conductivity during the second day of 
weathering suggests either that calcite crystals have already nucleated and rapidly equilibrate 



with the solution or that they form a coating on the surface of the basalt that inhibits further 
weathering. We suspect rapid equilibration is the more likely situation, but verification requires 
measurement of total solid carbonate in the suspension to determine whether that increases. 

Figure 7. Nominal "weathering rates" estimated from electrical conductivity data as function of (left) contact time, and 
(right) reactor temperature. Data for each basalt weathering reactor are shown. (Figure: Jim Amonette). 

 
We can use the initial weathering rates (ca. 78 µmho cm-1 h-1) together with estimates of the 
basalt surface area to get an idea of how fast the basalt weathers relative to published natural 
weathering rates. This approach yields an estimated rate that is 70 to 500 times faster than the 
natural weathering rate depending on the dominant particle size and specific surface of the 
basalt. Whether this rate of weathering is maintained over time depends on verification of 
continued calcite precipitation as discussed in the preceding paragraph. As indicated in the 
overview, we will be exploring various pretreatments of basalt to enhance weathering rates in 
addition to conducting experiments that include measurement of carbonate precipitation as 
well as solubilization of ionic species. The results of these experiments will determine the 
protocol to use in preparing weathered basalt needed in Tasks 2 and 3. 
 

• Publications, Handouts, Other Text & Web Products: None. 
• Outreach & Education Activities: None. 

 
Impacts  

• Short-Term: None. 
• Intermediate-Term: None. 
• Long-Term: None. 

 
Additional funding applied for/secured: 
 
Ag Energy Solutions has applied for a $250K Phase I USDOE-STTR grant entitled “Carbon Capture by 
Biochar using Enhanced Carbonate Formation” with WSU-CSANR as Subawardee. The primary focus of 
the proposed work is to develop a pilot-scale version of the EW approach described in Task 1 of the 
current BIOAg project. Successful applications will be announced in late January 2022 with anticipated 
project start-up in mid-February 2022. 
 
Graduate students funded: None. 
 
Recommendations for future research: None, currently. 
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