
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
11

:5
2:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal
Alkaline mineral
aDepartment of Biological and Agricultu

University, 3110 Faucette Dr, Raleigh, NC 2
bDepartment of Forestry and Environme

University, 2820 Faucette Dr, Raleigh, NC 2
cDepartment of Crop and Soil Sciences, Nor

Pl., Raleigh, NC 27695, USA

Cite this: DOI: 10.1039/d5su00814j

Received 21st October 2025
Accepted 9th March 2026

DOI: 10.1039/d5su00814j

rsc.li/rscsus

© 2026 The Author(s). Published b
residues from pulp mills as
a sustainable and economical alternative to lime
fertilizers
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Lime is typically comprised of calcium carbonate (CaCO3) or calcium magnesium carbonate (CaMg(CO3)2)

and is needed to maintain a proper pH in agriculture and forestry soils, but it represents a major cost to

growers and results in significant greenhouse gas emissions due to the mining, crushing, and transport

required. There is a need to identify existing sources of alkaline mineral wastes and assess their potential

as sustainable and cost-effective alternatives to lime. Dregs and grits (DGs) are highly alkaline mineral

residues from biomass pulp mills that form during the recovery of pulping chemicals and are mostly

comprised of CaCO3. For the first time, we assess the efficacy of industrially sourced DGs on 22 acidic

soils across the Southeastern United States that are currently used in either agriculture or forestry

operations. The application of DGs was found on average to result in the same soil pH response as

calcite over multiple soil incubations (0 day to 120 days). An analysis of the carbon content of the soils

after the incubation revealed that soils incubated with DGs experienced a statistically significant increase

in soil carbon relative to control soils and those incubated with CaCO3. The generation and application

of DGs emits 0.35 tonnes of CO2 for every tonne of DGs, which compares favorably to the 0.86 tonnes

of CO2 for every tonne of agricultural lime generated and $85 per tonne lime reported in the literature.

DGs prove to be a sustainable and economical substitute for agricultural lime in the acidic soils of the

Southeastern United States.
Sustainability spotlight

This study advances sustainable resource use by demonstrating that alkaline residues from pulp mills, known as dregs and grits, can replace conventional
agricultural lime without sacricing soil performance. By diverting an industrial waste stream from landlls and reducing emissions associated with lime
mining and production, this approach promotes circularity across the agriculture and pulp and paper sectors. Life-cycle analysis shows up to a 60% reduction in
CO2 emissions, with potential for net carbon removal when air-drying is used. The work directly supports the UN Sustainable Development Goals on Responsible
Consumption and Production (SDG 12), Climate Action (SDG 13), and Life on Land (SDG 15) by transforming industrial byproducts into low-carbon soil
amendments that enhance agricultural and environmental resilience.
1. Introduction
1.1. Emission reduction

In order to achieve the climate goal of limiting global warming
to 1.5 °C, society must achieve net-zero greenhouse gas emis-
sions by 2050 according to most projections established by the
Intergovernmental Panel on Climate Change (IPCC).1 While the
rapid development of renewable energy, electric vehicles, and
carbon removal technologies provides hope that these goals can
ral Engineering, North Carolina State

7695, USA. E-mail: wjsagues@ncsu.edu

ntal Resources, North Carolina State

7695, USA

th Carolina State University, 101 Derieux

y the Royal Society of Chemistry
be achieved, there still exist several industrial sectors that
produce uniquely challenging emissions to abate. Hard-to-
abate sectors traditionally include iron and steel, pulp and
paper, cement, mining, transport, and agriculture.2 These
sectors are inherently difficult to decarbonize for various
reasons such as the natural production of methane from live-
stock in agriculture, the high-energy requirements for processes
like mining, or the use and eventual disposal of biomass in pulp
and paper production. As a result of these challenges, efforts
must be made to embrace circularity and limit emissions
wherever possible. Herein, we identify a unique opportunity to
reduce emissions in the agriculture, pulp and paper, and
mining sectors through the use of alkaline waste materials from
Kra pulp mills as a soil amendment in substitution for tradi-
tional agricultural lime. Twenty-two acidic soils from across the
RSC Sustainability
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United States were incubated with calcium carbonate (CaCO3)
and a combination of dregs and grits (DGs) from a Kra pulp
mill to compare the impact on soil pH over a period of 120 days.
A techno-economic and a life cycle analysis are included in
order to determine the economic feasibility and environmental
impact of replacing a portion of the agricultural lime market
with DGs.
1.2. Soil acidity

Plants are typically most productive in soils that have a pH in
the range of 6 to 7.5.3 Below this range, soils begin to experience
the negative effects of soil acidity. Soil acidity is caused by an
overabundance of hydrogen and aluminum ions, which can
occupy the exchange sites in the soil, cause leaching of critical
plant nutrients, such as calcium (Ca2+) and (Mg2+), and lead to
toxic accumulation of certain nutrients such as manganese.4

The soils in the Southeastern United States are particularly
acidic (Fig. 1), caused primarily by high rainfall resulting in
weathering of soils and leaching of alkaline cations.5,6

Acidic soils can have a negative effect on belowground and
aboveground biomass, and agricultural lime is commonly used
to offset these effects.4,8 Cotton is especially sensitive to pH, as
an increase in soil pH from 5.0 to 6.0 has been shown to
increase the crop yield by 30–60%.8 While agriculture has
historically utilized lime and fertilizers far more than silvicul-
ture, there are still reported benets from forestry fertilization
including an increase in the above-ground biomass and
a decrease in tree mortality.9 Loblolly pine, the most commonly
planted tree in the U.S., has shown increased tree volume and
height when fertilized with a combination of nitrogen and
phosphorus, with a few studies indicating the additional
benets of lime.10–12 In 2022, the U.S. agricultural sector used
13.5 million tonnes of limestone, resulting in the release of 2.9
million tonnes of CO2 based on the established emission factor
of 0.059 tonnes of C released per tonne of limestone applied.13,14

This emission factor only accounts for C released during the
dissolution of CaCO3 following eld application and does not
account for the carbon released during mining and production
of agricultural lime. The USDA reports that the average cost of
Fig. 1 Soil pH in the contiguous United States.7
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agricultural lime in North Carolina is $85 per metric ton as of
December 2024 and serves as a signicant cost to growers
(USDA, 2024). The combination of low soil pH, relatively high
lime costs, and a high number of pulp mills makes the South-
eastern United States an ideal location for sustainable alkaline
substitutes.
1.3. Dregs and grits

In Kra pulping of biomass for the production of pulp and
paper, metal carbonates are purged from the recovery boiler and
lime slaker resulting in the generation of DGs.15 Pulping
companies typically treat these highly alkaline materials as
waste products, with 81% of mill waste ending up in landlls.16

However, due to their high calcium carbonate equivalency
(CCE), an indicator of a chemical's ability to neutralize acids,
DGs present an ideal opportunity to employ circularity through
application as a soil amendment. Not only could this reduce
downstream emissions for the pulp and paper industry, a sector
responsible for 1.3% of global industrial CO2 emissions,17 it can
also reduce the carbon intensity of agricultural operations,
a sector that is credited with over 20% of global greenhouse gas
emissions.18 There is growing evidence of down-stream carbon
removal through the application of carbonates in agricultural
soils.19 Typically referred to as enhanced rock weathering
(ERW), the process begins when CO2 from the atmosphere
binds to water to create carbonic acid. This acid then dissolves
calcium and magnesium carbonates commonly found in agri-
cultural lime (and DGs) to produce bicarbonate (HCO3

−) ions.
Depending on the chemistry and ow in local waterways, these
ions can run off to the ocean where they remain for hundreds of
years, resulting in atmospheric carbon removal.20 Accounting
for the carbon mineralized inside the recovery boiler and ERW
of carbonates following dissolution, using DGs as soil amend-
ment presents two potential pathways for atmospheric carbon
removal (Fig. 2).21,22

The potential of DGs to serve as a sustainable and cost-
effective alternative to commercial lime products in agriculture
and silviculture is supported by the published literature, albeit
in a limited manner. Cabral et al. (2008) conducted soil incu-
bations using dregs, grits, and lime as amendments in one soil
type with an initial pH of 5.5 and found that the pulp mill
wastes provided a pH increase similar to the agricultural lime.
The authors also determined that the metal content of DGs was
not high enough to limit their usage as a soil amendment.
Pöykiö and Nurmesniemi (2008), while not explicitly
mentioning DGs, also proposed the use of calcium carbonate
waste from pulp mills as a potential soil amendment. Pértile
et al. (2017) applied dregs and lime to soybean and bean elds
planted in acidic soil over a period of 6 years, and the soil pH
and crop yields increased similarly for both amendment
groups. Several other studies explored the use of DGs as a soil
amendment and concluded that they are capable of neutral-
izing soil acidity and increasing the soil pH, and as a result are
a viable alternative soil amendment.23–25

Previous studies have proven the efficacy of DGs to increase
the soil pH in a similar fashion to commercial lime products
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Two pathways for DGs to remove atmospheric CO2.

Fig. 3 GIS modeling used to identify soils. Sampling took place
between November 2022 and January 2023.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
11

:5
2:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
using a small subset of soils, and thus there is a need for a more
comprehensive study that uses a larger variety of soil samples
from a wide range of geographical locations. Furthermore, there
is a need to understand the efficacy of DGs on agricultural and
forestry soils in close proximity to pulp mills in the U.S., given
that the U.S. is a major global producer of pulp and paper
products with most of the production concentrated in the
Southeastern states.26 For the rst time, we assess the efficacy of
industrially sourced DGs on 22 acidic soils (average initial pH of
4.6) across the Southeastern U.S. that are currently used in
either agriculture or forestry operations with a specic focus on
soils used to grow Southeastern crop staples: cotton and loblolly
pine. Each soil sampled was representative of common cotton
or loblolly soils within 50 miles of an industrial pulp mill,
thereby reducing transport costs and emissions, should the DGs
be used in the future. Additional benets of DG substitution
include a reduction in energy intensive mining, less require-
ment of mineral treatment and crushing, and a lack of toxic
heavy metals. We also assess the potential for carbon seques-
tration by tracking the carbon ux and performing life cycle
assessment. Finally, we conduct a techno-economic assessment
to understand the economic viability of using DGs as an alter-
native to commercial lime products.
2. Experimental
2.1. Soil collection and preparation

Twenty-two soils were collected based on GIS modeling analysis
considering soil types, proximity to pulp mills, cotton cropland,
and loblolly pine plantations. Soils to be used in incubation
were rst gathered from eld sites that were selected to capture
the most common low-pH soil types used in loblolly and cotton
production in the area around each of the pulp mills. Methods
for selecting and acquiring soils can be found in the SI.

A total of twenty-two sites were sampled in December 2022
and January 2023, representing ve elds under recent cotton
cultivation, sixteen current or former loblolly stands, and one
sweetgum stand (Fig. 3).
© 2026 The Author(s). Published by the Royal Society of Chemistry
Samples were taken from the top approximately 15 cm of soil
from within a 20 m sampling zone within either the cotton eld
or the pine stand. Samples were dried at ambient temperature,
sieved to 2 mm, and stored at 25 °C prior to use in incubations.
2.2. Material characterization

The DGs were provided by Westrock's Covington, Virginia pulp
mill, which utilizes Kra chemistry for wood pulping and
chemical recovery. The calcite used was 99% extra pure calcium
carbonate from Acros Organics with a particle size #50
microns. Commercial agricultural lime typically has a particle
size #250 microns for at least 50% of the material with smaller
sizes not usually being measured.27,28 Since smaller particle
sizes are correlated with higher reactivity, the CaCO3 used in our
trials is likely more reactive than traditional agricultural lime,
thus resulting in a higher standard for the DGs to be compared
to. We employed a range of analytical techniques and equip-
ment for characterization of the amendments and soils
including X-ray diffraction (XRD), scanning electronmicroscopy
(SEM) coupled with energy dispersive spectroscopy (EDS), and
nutrient and heavy metal measurement by the North Carolina
Department of Agriculture (NCDA). Further information
regarding the specic methods of characterization and addi-
tional data can be found in the SI.
RSC Sustainability
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Table 1 DG soil amendment calculations and assumptions

Input Value

DGs generated during production of one ton of Kra pulp (dry kg) 20.5 (ref. 15)
DG production rate in Southeast pulp mills (MMtDG/y) 0.67 (ref. 29 and 30)
Pulp mills analyzed for this study 44
DGs available per mill (wet tonnes per year) 15 154
Cotton acreage within a 50 mile radius of analyzed pulp mills (hectares) 644 859
Loblolly pine acreage within a 50 mile radius of pulp mills (acres) 7 116 114
Application frequency of cotton soil amendment (years between applications) 2 (ref. 31 and 32)
Application frequency of loblolly pine soil amendment (years between applications) 25 (ref. 33)
CCE of DGs (%) 94.1
CCE of CaCO3 (%) 100
Application rate of DGs (t per acre) 0.49
Application rate of CaCO3 (t per acre) 0.46
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2.3. Amendment calculations

There were three amendment treatment groups for the soil
incubations: a control group with no amendment added, a DGs
group, and a calcite group. DGs were combined into one
amendment group to simplify the proposed process of CaCO3

substitution. The amount of amendment added to the soils was
based on the amount of DGs available in the 44 Southeastern
pulp mills analyzed by our group divided by the acreage of
loblolly pine and cotton as well as theapplication frequency
(Table 1). Thus, the dosage of DGs per unit area was equal to
a hypothetical dosage wherein all available DGs from the 44
Southeastern pulp mills were used on existing cotton and
loblolly pine soils within 50 miles of each mill (eqn (1)).
Application rate ðt per acreÞ ¼
total DGs available ðtonnes per yearÞ�

loblolly acreage within 50 miles of pulp mills

years between application

�
þ
�
cotton acreage within 50 miles of pulp mills

years between application

� (1)
The calcite application rate was calculated and normalized
based on the CCE of the DG amendment (eqn (2)).

Application rate of calcite ðt per acreÞ

¼ application rate of DGs� CCE of DGs

CCE of calcite
(2)

2.4. Soil incubation methods

Soil incubation methods were selected from previous publica-
tions.34,35 Each individual soil incubation consisted of 150 grams of
soil added to a 16 oz. mason jar with a 1 cm hole drilled in the top
to allow for gas exchange. Amendment was added to the soils and
mixed with water to achieve a soil saturation of 80%. Once the soil,
amendment, and water were added, they weremixed together with
a spatula and le to sit on a lab bench top (Fig. 4).

2.5. Post-incubation testing

Following incubation, soils were dried at 50 °C. Once dry, the
pH of the soil was tested in a 0.01 M calcium chloride (CaCl2)
RSC Sustainability
solution. Following the 120 day incubation period, a LECO 828
carbon/nitrogen analyzer was used to determine the carbon
content of the dried samples in an effort to quantify the increase
or decrease in carbon content following amendment applica-
tion and incubation.
2.6. Post-incubation calculations

The change in carbon content of soils incubated with amend-
ments relative to the control group was calculated as a percent
change (eqn (3)). The difference in carbon content as a result of
DGs or calcite treatment was also calculated in terms of percent
change (eqn (4)). The DGs contain roughly 9% carbon by mass,
while commercial calcite contains roughly 12%.
Percent change in carbon ð%Þ ¼
carbon content� carbon content of soils with no amendment

carbon content of soils with no amendment

� 100%

(3)

Percent change in carbon for DGs relative to calcite amendment

groups (%)=% change in carbon for the DG group−% change in

carbon for the calcite group (4)

2.7. Statistical analysis

A linear mixed-effects model was used to quantify t(1) the
change in the pH of soils relative to control soils and (2) the
percent change in carbon relative to control soils aer 120 days
of incubation. We treated the soil type as a random effect and
the amendment type as a xed effect while using the lme4,
lmerTest, and emmeans packages in R.36,37 An alpha value of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 120 day soil incubation featuring 264mason jars, 22 soils, and 4
amendment groups. The incubation durations tested were 0, 1, 7, 30,
and 120 days. Soils were weighed every 7–10 days, and water was
added to maintain the soil saturation throughout the incubation.
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0.05 was used to compare the DGs and calcite results.38 A
random forest model was developed to determine the most
important variables for predicting the change in the soil pH
during incubation with DGs and calcite.39 The following vari-
ables were selected for the random forest model: the amend-
ment used on the soil, the initial density of the soil, initial
carbon content of the soil, cation exchange capacity (CEC), the
percentage of CEC occupied by basic cations, initial soil buffer
pH, initial soil pH, humic matter, and texture of the soil.

2.8. Techno-economic and life cycle analyses

We developed a techno-economic analysis using Aspen Plus and
Microso Excel soware. The model simulates the preparation
Fig. 5 Overlaid X-ray diffraction results demonstrating the similarity of d

© 2026 The Author(s). Published by the Royal Society of Chemistry
of one year's worth of DGs from one Southeastern pulp mill for
eld application and the transport of those DGs to agricultural
elds. We also account for carbon drawn down from the
atmosphere by tree biomass used for pulping (SI). The metals in
the DGs are assumed to originate in soils that grew the tree
biomass used for pulping (Fig. 5).

Components modeled in Aspen Plus include: a combustion
reactor, a heat exchanger, a dryer, and a crusher, for drying and
reducing the particle size of the DGs. Following the on-site
preparation of the pulp mill DGs, a front-end loader moves the
amendments onto trucks for transportation to nearby agricul-
tural elds.

The physical and chemical characteristics input into the
models are based on the DGs used in the soil incubations. The
desired particle size is based on Rockydale Quarries' dolomitic
agricultural limestone product.40 Assumptions for the LCA are
based on values found in the literature (Table 2).

We modelled the dryer in Aspen based on the heat duty
required for drying the amount of DGs produced annually at
a pulp mill. The crusher is designed to achieve a specied
particle size distribution similar to that of commercial aglime.
Natural gas was combusted, and the corresponding emissions
were calculated through the use of a CO2 emission factor for
natural gas.42 The electricity powering the crusher was
purchased off-site with an emission factor reecting that of
waste wood combustion.43 In order to calculate the costs of the
system, the drying and crushing of DGs were treated and
regs, grits, and calcite.

RSC Sustainability
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Table 2 Base-case LCA process model inputs and technical assumptions for drying, crushing, and transport of DGs

Input Value

Dryer fuel Natural gas41

Crusher energy source Electricity
CO2 emission factor of natural gas 52.91 kg per MMBtu (ref. 42)
CO2 emission factor for electricity generated from waste wood combustion 93.88 kg per MMBtu (ref. 43)
Front-end loader emissions 0.696 kgCO2 per m

3 (ref. 44)
Emissions from transport of DGs 88 gCO2 per t-mile (ref. 45)
Embodied equipment emissions 0.32 kgCO2e per USD (ref. 46)
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modeled as a new greeneld facility that would be added onto
an existing pulpmill. The TEA was developed using information
from the Aspen process model and assumptions from the
literature (Table 3). Additional TEA methods and equations are
provided in the SI.
3. Results and discussion
3.1. Amendment characterization

XRD results reveal that dregs, grits, and calcite have similar 2q
peaks, with the major peaks occurring at 2q = 23°, 29°, 36°, 39°,
43°, and 48° (Fig. 5).

These peaks correspond to the typical strongest peaks for
calcite and indicate that the materials have similar crystalline
structures.55 Meanwhile, SEM-EDS results highlight the simi-
larity of the elemental makeup of dregs, grits, and calcite, with
all three predominately (>90%) made up of oxygen, calcium,
and carbon (Fig. 6).

The DGs have a higher amount of sodium due to the use of
sodium hydroxide and sodium sulfate in the pulping process.15

The presence of sodium in the DGs, however, does not exceed
the ceiling sodium adsorption ratio (SAR) of 13, a measure of
sodium relative to calcium and magnesium in a soil, as rec-
ommended by the USDA.56 Since the SAR of the DGs themselves
is below 13, repeated application over time will not cause soils
Table 3 Base-case techno-economic assumptions for drying,
crushing, and transport of DGs

Parameter Base case value

Electricity cost $0.09 per kWh (ref. 47)
Natural gas cost $2.68 per MMBtu (ref. 48)
DG one-way transport 50 miles
Transport unit cost $0.159 per mile × t (ref. 45)
Rotary drum dryer purchase cost $400,000 (ref. 49)
Industrial crusher unit cost $20 per tonne per year capacity50

Plant utilization 90% (ref. 51)
Indirect capital costs 40% (ref. 52)
Annual maintenance costs 3% of total capital costs53

Capital cost contingency 7.5% of total capital costs51

Percent debt nancing 0%
Percent equity nancing 100%
Return on equity 10% (ref. 51)
Project life 20 years (ref. 51)
Capital recovery factor 11.7% (ref. 54)
Cost year 2025

RSC Sustainability
to breach the recommended SAR ceiling of 13. The heavy metal
content of the DGs is also below the concentration limits set by
the EPA for the application of industrial waste materials, such
as DGs from pulp mills, to soils (Table S1).57 However, there are
still risks associated with increasing the content of certain
metals in soils through long-term reapplication. Accumulation
of sodium in soil can lead to structural degradation and
Fig. 6 SEM-EDS results for calcite (top), dregs (middle), and grits
(bottom).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a reduced inltration rate, aluminum buildup in acidic soils
can occupy exchange sites and harm root development, and
iron toxicity can disrupt plant cellular function.58–60 Previous
studies have indicated that the metal content within DGs
should not cause issues or exceed established limits, but long-
term application of DGs could still lead to accumulation of
metals.61,62
Fig. 7 Soil pH for 22 soils following 120 day soil incubation with each
ordered based on descending CEC (PC-3 has the highest CEC, and TR-

Fig. 8 Change in carbon content and standard deviation for soils incuba
the control. Soils are ordered based on the descending density (GA-1 is

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.2. Soil pH

On average, the 22 soils experienced an increase in pH of 1.94
for both the DGs and calcite amendment groups (Fig. 7). We
used a linear mixed-effects model and calculated a p-value of
0.997 when comparing the impact on pH for the DGs and calcite
amendment groups. The high p-value indicates minimal or no
evidence that there is a statistical difference between the two
of the calcite, dregs/grits, and control amendment groups. Soils are
4B has the lowest CEC).

ted with calcite (top) and soils incubated with DGs (bottom) relative to
the most dense soil, and PC10 is the least dense soil).
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groups in terms or their impact on soil pH following a 120 day
soil incubation.63,64

Of the remaining 11 soils, 5 experienced a slightly higher pH
increase when incubated with DGs than when incubated with
calcite (highlighted in Fig. 7). Of these 5 soils, four of them have
relatively low CECs compared to the rest of the soils. With lower
CECs, these soils are less capable of adsorbing cations, thus
resulting in a higher presence of positively charged ions in
solution and should result in a lower pH. Both calcite and DGs
contain calcium, but DGs contain additional cations such as
magnesium and sodium. It is an unexpected outcome for the
four low-CEC soils to experience a higher pH increase when
incubated with DGs rather than calcite. However, the differ-
ences in pH change were minor (<0.10) and are likely not
indicative of a noteworthy trend. The DGs and calcite amend-
ments on average increased the soil pH by 1.94 units, demon-
strating a similar efficacy to raise the pH. It should also be noted
that real-world conditions experienced by crops and soils in the
eld differ from those that were tested in these incubations.
Temperature uctuations, nutrient leaching, runoff, crop
nutrient uptake, and microbial dynamics can alter the impact
that these amendments have on soils outside of a controlled lab
setting. This study proves that in a controlled soil incubation,
DGs are capable of achieving similar levels of soil pH increase to
CaCO3. The results for the other four soil incubation time
periods and their corresponding pH plots can be found in the
SI.

We developed a random forest model to predict the change
in the pH of a soil when incubated with DGs or calcite. The
model explained 88% of the variance in pH change following
incubation, with the most important variables for predicting
the change in pH being the CEC of the soil, the initial pH of the
soil, and density of the soil. The variable importance plot as well
as out-of-bag error estimates can be found in the SI. CEC is the
capacity of a soil to adsorb and retain positively charged ions
such as calcium, magnesium, or zinc.65 A higher CEC represents
a greater potential for a soil to retain cations, including
Fig. 9 Life cycle analysis boundaries.

RSC Sustainability
hydrogen ions on exchange sites.65 Limiting the number of free
hydrogen ions increases the pH buffer capacity of soils, thus
explaining the reduced pH change in soils with a relatively high
CEC. The initial pH impacts the amount of pH change that can
realistically be expected, as soils with a lower pHmay experience
a higher pH increase than those with a higher initial pH (Fig. 7).
Lastly, soil bulk density impacts the inltration of water and
nutrients into pore spaces, thus potentially limiting the trans-
port and adsorption of ions from dissolved soil amendments.66
3.3. Soil carbon

We measured the carbon content before and aer the 120 day
soil incubations to identify any differences in carbon retention
for the DGs and calcite soils. Out of the 22 incubated soils, 6
experienced an increase in carbon content relative to the control
soils when incubated with calcite, while 11 experienced an
increase in carbon content when incubated with DGs (Fig. 8).
The remaining 11 soils experienced no change in soil carbon or
a decrease in soil carbon, potentially due to the increase in pH
resulting in elevated microbial activity and increased decom-
position of organic matter in the soils.67

On average, the DGs group experienced an increase in soil
carbon content of 2.41%, while the calcite soils experienced
a decrease in soil carbon content of 4.88%. For additional
context, the pre-incubation carbon content of the soils origi-
nally ranged from 5.30 g-C per kg-soil (AL-2) to 68.2 g-C per
kg−1-soil (MF-1). Our analyzer did not differentiate between
organic and inorganic carbon fractions; therefore, our reported
values are the total carbon content of the soils. Pre-incubation
carbon content of all soils can be found in the SI. We used
a linear mixed-effects model and calculated a p-value of 0.004
when comparing the impact on soil carbon for the DGs and
calcite amendment groups. The low p-value provides signicant
evidence that there is a statistical difference between the two
groups in terms of their impact on soil carbon following a 120
day soil incubation. The difference in the impacts on soil
carbon indicates that substituting DGs for calcite could result in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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a positive increase in the carbon content of agricultural soils.
While this is a promising result, the controlled setup of the
incubation experiments and lack of gas ux measurements
must be considered, and eld trials with gas measurements
should be conducted before making conclusions about the
short- and long-term carbon sequestration potential of DGs.

Similar soil incubation studies have yielded results that
indicate liming can have a negative or neutral net impact on soil
carbon.68,69 However, there are multiple variables at play when
analyzing the impact of liming on soil carbon mineralization,
which has led to conicting results in the past.70,71 Liming adds
inorganic carbon and increases the soil pH, which can increase
the microbial efficiency and consumption of soil organic carbon
(SOC), or liming can improve the soil structure, thus resulting
in more secure stocks of SOC.70 In the case of DGs and calcite,
the primary difference between the two materials is the pres-
ence of metals such as aluminum and iron in DGs, which have
been shown to decrease the respiration rates of soil
microbes.72,73 Substituting DGs for calcite provides an oppor-
tunity to limit microbial respiration and reduce the amount of
carbon released into the atmosphere from fertilized soils. This
theory should be tested further in future eld trials with gas ux
and respiration measurements.

DGs performed similarly to calcite as a soil amendment in
a controlled laboratory incubation, raising the pH of the 22
acidic soils by 2 pH units on average and highlighting the
potential of DGs to serve as an aglime substitute, should future
eld trials prove fruitful. Soils incubated with DGs experienced
a statistically signicant increase in soil carbon content relative
to control soils. The presence of metals such as aluminum and
iron within DGs potentially decreased microbial respiration
within the soils and limited carbon losses to the atmosphere.
Future work should include eld trials, incorporate the use of
Fig. 10 Waterfall plot of annual life cycle emissions associated with the

© 2026 The Author(s). Published by the Royal Society of Chemistry
rainwater containing carbonic acid (H2CO3), and the measuring
of soil respiration rates to quantify the impact on the carbon
ux and soil carbon sequestration potential.

3.4. Economic and life-cycle analyses

In order to understand the economic feasibility and GHG
emissions of substituting DGs for commercial lime fertilizers,
we developed a life cycle analysis coupled with a techno-
economic model for the preparation and transport of DGs.

3.5. Life-cycle analysis

The emissions calculated for the DGs were those associated
with the pre-harvesting atmospheric xation of CO2, post-
production drying, crushing, transportation, and those released
during weathering of the DGs in agricultural elds (Fig. 9). The
pulp mill was excluded from the life cycle analysis boundaries,
since the emissions of the pulping process are attributed to the
primary pulp products, not the DG waste products. This ensures
that emissions are not double-counted.

Throughout the life cycle of one pulp mill's annual genera-
tion of DGs and their use as a soil amendment, 2595 tonnes of
CO2 were released into the atmosphere (Fig. 10), which equated
to an emission factor of 0.36 tCO2 per tDGs.

Based on previously discussed pH results, the 7375 dry
tonnes of DGs produced yearly at each Southeastern pulp mill
could replace 6973 tonnes of agricultural lime. Preparation of
DGs as a soil amendment would emit 2595 tonnes of CO2 per
year or 0.35 tonnes of CO2 per tonne of DGs. The IPCC uses an
emission factor of 0.86 tonnes of CO2 per tonne of lime
produced.74 Therefore, the production of 6973 tonnes of lime
results in the release of 5997 tCO2 per year. Substituting DGs for
agricultural lime could result in a reduction in emissions of
3402 tonnes of CO2 per year per pulp mill. Applying it to the 44
production of DGs as a soil amendment.
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pulp mills included in the region of this study, this equates to
149 688 tCO2 per year. While these results are most applicable to
soils in the Southeastern United States within a 50 mile radius
of pulp mills, DGs are still produced by pulp mills across the
country. If DGs from all pulp mills in the U.S. were used as
a replacement for agricultural lime, 329 994 tonnes of CO2 per
year could be avoided, but this value depends heavily on the
incubation results translating to other climatic regions, soil
types, and agricultural systems. However, it is also worth noting
that if the drying portion of the DGs preparation process is
Table 4 Itemized costs associated with the post-production drying,
crushing, and transport of DGs following generation at a pulp mill

Equipment costs
Installed capital
cost ($)

Dryer 680 000
Crusher 250 750
Front-end loader 665 917
Contingency 167 650
Indirect costs 638 667
Total capital cost 2 402 983
Levelized capital cost ($ per tDG) 16.29

Operating costs
Annual cost
($ per year)

Energy 15 390
Transport 87 947
Labor 216 000
Maintenance 72 090
Net operating costs ($ per year) 391 425
Levelized operating costs ($ per
tDGs)

53.08

Total levelized cost ($ per tCO2

removed)
69.36

Fig. 11 Sensitivity analysis of the levelized cost of DGs soil amendment p
indicating the current cost of aglime.

RSC Sustainability
removed and replaced with air-drying in a greenhouse, the
emissions decrease signicantly. Air-drying DGs instead of
utilizing an industrial dryer results in the removal of 498 tonnes
of CO2 per pulp mill per year (Fig. S13), which equates to an
emission factor of −0.07 tCO2 per tDGs (Table S2). In the air-
drying scenario relative to the industrial dryer scenario, a larger
land area would be required, the drying process would take
longer, particularly in the winter, labor costs and requirements
would likely be higher, and there could be risks of contamina-
tion during the longer drying period. We did not attempt to
quantify these impacts, thus the air-drying scenario results
should be viewed cautiously and treated as a best-case scenario
for low-cost preparation of DGs.

Since DGs are merely a byproduct of a larger manufacturing
process, there are fewer emissions that are directly a result of
their production. Therefore, when available, DGs from chemical
pulp mills can serve as a sustainable substitute for agricultural
lime, and potentially even as a net carbon sink when opting for
slower but still reliable air-drying.

3.6. Techno-economic analysis

The techno-economic analysis included costs associated with
the energy used during drying, crushing, and transporting the
DGs, as well as the capital costs of additional equipment
required to carry out these tasks (Table 4). The equipment used
is a rotary drum dryer, an industrial crusher used for reducing
the particle size, and a front-end loader used for moving the
DGs into trucks for transport. When calculating the leveled cost,
capital costs were divided by 20 years, which is a standard
project lifetime in process modeling.51

Accounting for the equity and capital cost nancing, the
levelized cost of the DGs comes out to $96 per tonne. While this
does not compare favorably to agricultural lime, which
currently costs $85 per tonne, there does exist the potential to
roduction as it is impacted by various parameters, the red vertical line

© 2026 The Author(s). Published by the Royal Society of Chemistry
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signicantly reduce the capital and operating costs by removing
the industrial dryer and relying on air drying instead, resulting
in a levelized cost of just $72 per tonne of DGs in this optimistic
scenario.75 We developed a sensitivity analysis in order to
analyze the impact of this proposed change, as well as other
potential variable changes. A sensitivity analysis quanties the
impact of changes to the value of variables in a modelled
process. We used a sensitivity analysis here to determine the
impact of an optimistic and a pessimistic change to several
assumptions. The assumptions we chose to alter and evaluate
were the usage of industrial drying, the impact of increasing
and decreasing the natural gas cost, the interest rate, the project
term, and DGs transport distance. The base-case levelized cost
of producing one tonne of DGs as a soil amendment was $96 per
tonne (Fig. 11).

The removal of drying clearly has the largest impact on the
cost of DGs production, reducing the levelized cost from $96 per
tDGs to $72 per tDGs, below the cost of agricultural lime ($85
per tonne). However, pessimistic changes of these variables
widen the gap between the two amendments. Therefore, it is
critical for the cost and the emissions of the proposed process
that air or greenhouse drying is employed rather than the
capital and energy intensive process of industrial drying. There
is limited research on the drying of minerals such as DGs in
greenhouses, but the small particle size and low initial moisture
content of DGs would likely allow for effective and relatively
quick drying, albeit slower than industrial drying.76 Assuming
greenhouse drying cannot be employed due to land availability
or climatic limitations, the relatively high levelized cost of $96
per tonne of DGs likely limits, but does not eliminate, the
likelihood of pulp mills producing and growers purchasing DGs
to replace agricultural lime.

4. Conclusion

Alkaline waste materials generated at biomass pulp mills,
namely dregs and grits (DGs), closely resemble the chemical
makeup of aglime, which is predominantly comprised of calcite
(CaCO3). In a 120 day soil incubation with 22 acidic soils from
across the Southeastern United States, both the DGs and the
calcite increased the soil pH by 1.94 pH units. We developed
a random forest model and determined the most important
variables for predicting pH change to be the CEC, initial pH of
the soil, and density of the soil. The carbon content of the soils
aer the incubation revealed that the soils incubated with DGs
experienced a statistically signicant increase in soil carbon
compared to those soils incubated with calcite. The presence of
metals such as aluminum and iron within the DGs potentially
reduced the microbial respiration in the soils, thus limiting the
release of gaseous CO2, whereas the pure calcite did not limit
soil carbon losses.

Ongoing research is seeking to understand the impact on
biomass growth for crops grown in soils amended with DGs as
opposed to agricultural lime. Future research should include
eld trials wherein gas ux is measured, quantify the impact of
DGs on the respiration rates of soils, and incorporate the use of
rainwater containing carbonic acid in incubation trials.
© 2026 The Author(s). Published by the Royal Society of Chemistry
We developed a technoeconomic and a life cycle analysis to
calculate a levelized cost of DGs of $72 per tonne in the opti-
mistic case and $96 per tonne in the base case. The use of an
industrial dryer signicantly drove up the cost of the process to
$96 per tonne. Without industrial drying, $72 per tonne of DGs
was favorable compared to the current cost of agricultural lime
of $85 per tonne. We also calculated an emission factor of 0.35
tonnes of CO2 for every tonne of DGs dried, crushed, and
transported to agricultural elds, which compares favorably to
the emission factor for agricultural lime of 0.86 tonnes of CO2

emitted per tonne of lime produced. With air-drying, there is
potential to remove CO2 emissions from the atmosphere with
a life cycle emission factor of −0.07 tonnes of CO2 per tonne of
DGs. Overall, when factoring in the increase in the soil pH, the
change in soil carbon content, and the overall life cycle emis-
sions, DGs prove to be a sustainable and potentially economical
substitute for agricultural lime in acidic soils of the South-
eastern United States.

Author contributions

Ethan Woods: writing – original dra, writing – review and
editing, investigation, data curation, formal analysis, method-
ology. Andrew Trlica: writing – review and editing, data cura-
tion, formal analysis. Sean Bloszies: investigation,
methodology. Perry Berlin: investigation, methodology. Alex
Woodley: funding acquisition, methodology, resources, writing
– review and editing. Rachel Cook: funding acquisition, meth-
odology, resources, writing – review and editing. William Joe
Sagues: conceptualization, funding acquisition, methodology,
resources, supervision, writing – review and editing.

Conflicts of interest

There are no conicts of interest to declare.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary informa-
tion is available. See DOI: https://doi.org/10.1039/d5su00814j.

Acknowledgements

The authors acknowledge Westrock for providing dregs and
grits and Maria Higuita and Brody Hall for assisting with
sample collection and handling. This work was supported by
the United States Department of Energy under the grant DE-
EE0009413.

References

1 M. R. Allen, M. Babiker, T. G. Bolaños, Y. Chen, S. Connors,
H. de Coninck, K. de Kleijne, R. Diemen, O. P. van,
K. L. Dube, F. Engelbrecht, M. Ferrat, J. Ford, P. Forster,
S. Fuss, J. Harold, O. Hoegh-Guldberg, J.-C. Hourcade,
D. Huppmann, D. Jacob, K. Jiang, T. G. Johansen,
RSC Sustainability

https://doi.org/10.1039/d5su00814j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00814j


RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

/2
02

6 
11

:5
2:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
M. Kainuma, E. Kriegler, D. Ley, D. Liverman, N. Mahowald,
V. Masson-Delmotte, J. B. R. Matthews, R. J. Millar,
K. Mintenbeck, A. Morelli, W. Moufouma-Okia,
L. Mundaca, M. Nicolai, C. Okereke, M. Pathak, A. Payne,
R. Pidcock, A. Pirani, E. Poloczanska, H.-O. Pörtner,
A. Revi, K. Riahi, D. C. Roberts, J. Rogelj, J. Roy,
S. I. Seneviratne, D. Shindell, P. R. Shukla, C. Singh,
J. Skea, R. Slade, W. Solecki, L. Steg, M. Taylor,
P. Tschakert, H. Waisman, R. Warren, P. Zhai and
K. Zickfeld, IPCC Glob. Warm. 1.5 °C, 2023, pp. 1–24.

2 O. Y. Edelenbosch, A. F. Hof, M. van den Berg, H. S. de Boer,
H. H. Chen, V. Daioglou, M. M. Dekker, J. C. Doelman,
M. G. J. den Elzen, M. Harmsen, S. Mikropoulos,
M. A. E. van Sluisveld, E. Stehfest, I. S. Tagomori, W. J. van
Zeist and D. P. van Vuuren, Nat. Clim. Chang., 2024, 14,
715–722.

3 USDA, Soil Quality Indicators, 2012, pp. 349–358, https://
www.nrcs.usda.gov/sites/default/les/2022-10/soil_ph.pdf.

4 L. Gatiboni and D. Hardy, Soil Acidity and Liming for
Agricultural Soils, 2022.

5 J. A. Picconi and A. N. Swaby, in The Teacher-Friendly Guide to
the Earth Science of the Southeastern US, 2nd edn, 2016, p.
460.

6 B. Arnall, Cause and Effects of Soil Acidity, 2024.
7 Oregon State University - Department of Crop and Soil
Science, Soils, pp. 1–7, https://forages.oregonstate.edu/
matchclover/soils.

8 L. Gatiboni and D. H. Hardy, NC State Ext, 2020, pp. 54–67.
9 J. Gallo, Z. Vacek and S. Vacek, Cent. Eur. For. J., 2021, 67,
123–134.

10 D. B. South and R. A. Harper, J. For., 2016, 114, 116–124.
11 V. D. S. Rodrigues, A. C. V. Motta, J. Z. Barbosa, T. M. Ercole

and S. A. Prior, IForest, 2023, 16, 195–201.
12 K. H. Kyle, L. J. Andrews, T. R. Fox, W. M. Aust, A. J. Burger

and G. H. Hansen, South. J. Appl. For., 2005, 29, 205–214.
13 Environmental Protection Agency, in Inventory of U.S.

Greenhouse Gas Emissions and Sinks 1990 - 2022, 2024, pp.
1–62.

14 T. O. West and A. C. McBride, Agric. Ecosyst. Environ., 2005,
108, 145–154.

15 M. J. Quina and C. T. Pinheiro, Appl. Sci., 2020, 10(7), 2317.
16 J. Pittman, M. Bird and J. Talberth, Washington State

Department of Ecology Industrial Footprint Project - Waste
Stream Reduction and Re-use in the Pulp and Paper Sector,
2008.

17 S. van Ewijk, J. A. Stegemann and P. Ekins, Nat. Sustain.,
2021, 4, 180–187.

18 S. Dhakal, J. C. Minx, F. L. Toth, A. Abdel-Aziz and
M. J. F. Meza, in Climate Change 2022 - Mitigation of
Climate Change, 2022, pp. 215–294.

19 P. Raymond, N. Planavsky and C. T. Reinhard, Nat. Water,
2025, 3, 844–847.

20 S. Zhang, N. J. Planavsky, J. Katchinoff, P. A. Raymond,
Y. Kanzaki, T. Reershemius and C. T. Reinhard, Limnol.
Oceanogr., 2022, 67, S148–S157.

21 W. J. Knapp and E. T. Tipper, Front. Clim, 2022, 4, DOI:
10.3389/fclim.2022.928215.
RSC Sustainability
22 S. K. Hamilton, A. L. Kurzman, C. Arango, L. Jin and
G. P. Robertson, Global Biogeochem. Cycles, 2007, 21, 1–13.
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