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Abstract

Accelerated carbonation technology (ACT) is a treatment for calcium and magnesium
rich wastes using a reaction with carbon dioxide gas. The process can facilitate the
reuse of previously unusable hazardous wastes as new construction materials, such
as engineering fills and aggregates. During 2010, two large-scale trials were
conducted using ACT. The first project explored the capture of carbon from flue
gasses using municipal solid waste incinerator (MSWI) air pollution control (APC)
residues. It was found that carbon could be effectively stripped from a flue gas as it is
passed through a bed of APC material. In the second trial, which built on the previous
approach, an industrial-scale plant was constructed to produce aggregates for use in
concrete blocks. As a result, over two hundred tonnes of aggregate from APC residues
were produced.

Introduction

Carbonation is a naturally occurring reaction, which can be accelerated by exposing
reactive materials to elevated concentrations of carbon dioxide gas. Many wastes are
reactive with carbon dioxide, particularly those derived from industrial thermal
processes, including incineration residues.”®

The carbonation reaction occurs in stages.7 In summary, carbon dioxide gas hydrates
in water to form carbonic acid (H,COs), which then reacts with calcium ions
(dissolved from the reactive material) to form calcium carbonate (CaCOs). As
carbonate minerals are formed, the pH of a material is reduced achieving minimum
solubility of many regulated metal contaminants.>® Metal availability can also be
reduced by the formation of insoluble metal carbonates.®! Calcium carbonate is
more voluminous than the reactant minerals, resulting in reduced porosity and aids
the retention of contaminants.’”* Complete carbonation of a material can reduce
the release of metals by up to 80%.%
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During the carbonation process, calcium carbonate precipitates to form an
interlocking lattice, creating a cementitious bond between constituent grains. By
exploiting this mechanism, fine grained APC residues are cemented together by the
reaction with carbon dioxide to form granules or pellets, with reuse potential .*®

Nearly 5.2 million tonnes of waste was incinerated during 2007 in the UK, an increase
of six percent on 2006."” The amount of incinerated waste is set to increase further
with the construction of as many as 20 new incinerators. The current 33 incinerators
have a combined permitted capacity of 8.6 million tonnes. If approved, the new
facilities will provide a further 12 million tonnes of burning capacity.’

Incinerator flue gasses are acidic, and may also contain low levels of dioxins and
volatile metals. Lime and carbon are the usual materials added to flue stack to
neutralise the acid and remove pollutants. The resulting dust, or Air Pollution Control
residue (APCr), is collected in bag filters before the cleaned flue gas is released to the
atmosphere.18 Around 128000 tonnes of APC residues are currently generated in the
UK each year, which is expected to increase by a further 40000 tonnes in the near
future.’>%

The present work discusses the results of two large-scale field trials of Accelerated
Carbonation Technology (ACT). These trials aimed to first demonstrate the point-
source collection of waste carbon dioxide and then convert hazardous municipal
solid waste incinerator (MSWI) APCr into both a material suitable for use as
engineering fill, and an aggregate for use in concrete construction block
manufacture. The first trial explored the potential of combusted landfill gas as a
source of carbon dioxide for use in the controlled accelerated carbonation of
imported MSWI APCr and other waste. The carbonated product will then be used in
ground engineering works on site. In the second field trial, a full-scale production
plant was constructed to manufacture aggregate from MSWI APCr. The plant utilised
a staged approach to treat the incoming waste, blend with selected reagents, and
manufacture the aggregated product.

Landfill gas derived carbon dioxide

Closed non-hazardous waste landfills are potential sources of carbon dioxide.
Municipal waste landfills are responsible for around 5% of the total greenhouse gas
emissions® in the UK. Landfill gas is generated from the decomposition of
biodegradable waste, and is composed primarily of methane, carbon dioxide,
nitrogen and oxygen. Gas collection wells are installed in closed landfills, and the gas
is often burnt in flare stacks or gas engines.
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A landfill site located in the south-east of England was selected for the trial. The site
covered approximately 23 hectares, and domestic and commercial wastes were
tipped for two decades prior to the site closure in the early 1990’s. The landfill
comprised a series of radial cells, which were capped. A final cap was placed when
the site closed completely, and a gas collection system and flare stack were installed.
Settlement due to decomposition of the waste has led to significant subsidence of
the ground surface, and the cap has been compromised in several places.
Accelerated carbonated-treated wastes will be utilised in a demonstration-scale
restoration of one part of the site.

Plant setup

The existing gas collection system was modified to provide gas to a facility placed
alongside the existing flare compound (see Figure 1). A modified industrial boiler was
installed, and the combustion of landfill gas was optimised. The key variables for
efficient combustion are the gas chemistry, residence time, the temperature of the
burn, and the turbulence of the gas flow.”” A programmable logic controller (PLC)
was used to monitor these variables and maintain optimal burning conditions for the
production of carbon dioxide gas. By burning the gas in the PLC-controlled burner it
was possible to create a flue gas containing up to 14% carbon dioxide.

Gas from the burner was extracted by connecting a pipe to the flue, and drawn off
using a compressor pump. The gas was passed through a condenser, cooled and then
piped to the treatment plant, comprising bulk storage for waste, a means of blending
wastes together (or with reagents), and the carbonation reactor (see Figure 2). The
MSW!I APCr was delivered to the site in 5 tonne loads by powder tanker, and stored
in a silo. A second silo was used for storing reagents. Both silos were connected to a

Gas Collection and Combustion Fill Production Plant
Waste Reagent
Diversion of | _ Existing \ /
~ landfill gas
gas to burner
system Batch
v 7
Combustion Compressor Gas pipeline
and gas > um »| Carbonation
collection pump / \
Engineering Low carbon

Figure 1: Flowchart of the gas collection and fill production process
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Figure 2: Fill production plant

computerised batch mixer. The ingredients were prepared and fed into a rotating
carbonation reactor receiving a controlled supply of combustion gas, containing
carbon dioxide. The carbon dioxide portion of the combustion gas reacted with the
waste, and gas leaving the mixer was depleted of carbon dioxide.

Methods

The composition of the gas entering and exiting the carbonation reactor was
analysed using a landfill gas analyser (Gasdata GFM410) connected to an in-line
sampling port on the gas pipeline. Monitoring lasted three hours, with
measurements taken approximately every 10 minutes. Carbon dioxide captured as
carbonate in the treated product was measured by thermogravimetry (Stanton-
Redcroft STA-780). The total concentrations of regulated contaminants in the
untreated MSWI APCr were measured by X-Ray Fluorescence (Bruker AXS S8 Tiger).
Contaminant release from the untreated MSWI APC and the treated product was
tested using a single-stage dynamic water leaching test (BS EN 12457-2), as specified
in the Landfill Regulations, and analysed by ICP-OES.” The leaching and analysis
measurements were carried out by a third party UKAS accredited laboratory.
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Results

Low purity carbon dioxide flue gas was passed through a reactor containing MSWI
APCr that was reactive with carbon dioxide. The results of monitoring the
composition of the gas entering and exiting the reactor are shown in Figure 3.

The gas entering the reactor consistently contained between 13 and 14% carbon
dioxide. During the first ten minutes of the process, the CO, in the gas stream was
reduced to below 2%. After ten minutes, carbon dioxide in the exhaust gas began to
increase. Around 100 minutes into the process, the difference in CO, concentration
across the reactor was within 1%, indicating that the reaction had largely completed.
Carbon dioxide uptake in the APCr increased rapidly in the first 40 minutes. The rate
of uptake then began to decrease, following the pattern of decreased CO,
consumption. This behaviour is a result of increasing consumption of the reactive
phases within the ash. As carbonation proceeds, reactive products also build up on
the surface of particles, inhibiting further reaction with the gas.24 Agitating material
whilst carbonating promotes the rate of reaction,” and was achieved through the
rotation of the carbonation reactor. The tumbling action promoted the formation of
pellets ranging from sand to cobbles (see Figure 4).
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Figure 3: Comparison of gas inlet and outlet concentrations, and carbon uptake in
the APCr
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Figure 4: Photograph of a) untreated APC, b) granules of carbonated product

Waste destined for landfill is assessed against Waste Acceptance Criteria (WAC), as
specified in the Landfill Regulations. These impose limits upon the leaching
concentrations of certain metals. Three classes of waste exist: inert, stable non-
reactive, and hazardous. The total concentrations of these metals present in the solid
MSW!I APCr are shown in Table 1. These indicate the maximum potential release of
these metals through leaching.

Table 1: Total Metal Content of MSWI APCr

Determinant | Unit | MSWI APCr
Antimony | mg/kg 346
Arsenic mg/kg 485
Barium mg/kg 196
Cadmium mg/kg 22
Chromium | mg/kg 48
Copper mg/kg 315
Lead mg/kg 6774
Mercury mg/kg 2.7
Molybdenum | mg/kg 2.4
Nickel mg/kg 7.4
Selenium mg/kg 0.9
Zinc mg/kg 6110

Accordingly, the untreated ash is considered as a hazardous waste on account of the
levels of lead in the leachate, which exceeded the hazardous WAC limit (see Table 2).
However, zinc was not a significant problem in the leachate, suggesting that it may
already be chemically bound in the APCr. After treatment by carbonation, the lead
levels in the leachate were reduced to below inert landfill limits, and the leachate
concentrations of barium, chromium, molybdenum, and zinc, were also reduced.
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Table 2: Leached metals from untreated and treated MSWI| APC

Treated Stable Non-
Determinant | Unit Untreated MSWI Inert Reactive Hazardous
MSWI APCr WAC WAC
APCr WAC
Antimony mg/kg 0.07 0.03 0.06 0.7 5
Arsenic mg/kg 0.1 0.07 0.5 2 25
Barium mg/kg 42.3 19.7 20 100 300
Cadmium mg/kg <0.01 <0.01 0.04 1 5
Chromium | mg/kg 3.3 1.8 0.5 10 70
Copper mg/kg 0.77 <0.04 2 50 100
Lead mg/kg 68.4 <0.09 0.5 10 50
Mercury mg/kg <0.01 <0.01 0.01 0.2 2
Molybdenum | mg/kg 0.72 0.16 0.5 10 30
Nickel mg/kg <0.03 <0.03 0.4 10 40
Selenium mg/kg 0.06 <0.02 0.1 0.5 7
Zinc mg/kg 3 <0.20 4 50 200

WAC ~ Waste Acceptance Criteria for landfill, Hazardous levels in bold type

Site restoration

It is intended that the materials made during the full-scale trial of this technology will
be used to restore a small section of the landfill, which has suffered from erosion of
the soil capping or because gas migration has killed the vegetation. An area
measuring ten metres by ten metres will be stripped of its cap, and then re-
engineered using the carbonated APCr. The restoration area will be divided into a
series of cells to trial the carbonated ash for different engineering functions. These
will include as a gravel substitute for drainage, as a regulating layer to protect the
liner, and blended with imported materials to create soils for the final capping layer.

Aggregate production

In the second field trial, a commercial-scale plant for turning MSWI APCr residues
into aggregate was constructed. Over the short trial period, in excess of 200 tonnes
of aggregate was manufactured, which was validated for use as an aggregate in
concrete blocks.

Plant setup

The production plant had multiple stages (see Figures 5 and 6). Silos were placed on
site for receiving deliveries of MSWI APCr by a 25 tonne powder tanker. Following
treatment to reduce the levels of leachable contaminants, reagents were employed
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Aggregate Production Plant

Powder . Carbon Bottled
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Figure 5: Flowchart of the aggregate production process

where necessary, to produce a mixture which was then pelletised in the presence of
pure carbon dioxide. This was supplied from pressurised bottle banks, rather than a
point source of carbon dioxide gas, such as that exploited at the landfill site. The
pelletised hardened product was stored in an adjacent bay, and screened to produce
the required grading for use in the on-site block making process.

Methods

The pelletised aggregates were tested to European Standard testing according to BS
EN 1744 (chemical tests),?® BS EN 13055 (mechanical tests),” BS EN 1097 (physical
tests).?® These tests were conducted by a third party accredited laboratory. Carbon
dioxide captured as carbonate in the treated product was measured by
thermogravimetry, total concentrations of regulated contaminants in the untreated
MSWI APC by X-Ray Fluorescence, and contaminant release using a single stage
dynamic water leaching test (BS EN 12457-2)> and analysed by ICP-OES. The leaching

Reagent

Batch mixer
2" stage
carbonation
reactor—_

Aggregate

/ storage

1°"stage
reactor

Figure 6: Aggregate production process
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and analysis measurements were carried out by a third party UKAS accredited
laboratory.

Results

The total metal content of the second source of MSWI APCr is shown in Table 3.
Leaching data is shown in Table 4. The levels of lead leaching from the untreated ash
exceeded the WAC hazardous threshold. An appreciable level of zinc, although within
the stable non-reactive limit, was also measured. After processing the MSWI APCr
into aggregate, the leachate levels of zinc, lead and selenium were reduced to with
inert WAC limits. The lead levels in particular were reduced by almost two orders of
magnitude. Copper and mercury levels were reduced to below detection limit.

Table 3: Total Metal Content of MSWI APCr

Determinant Unit MSWI APCr

Antimony | mg/kg 24.3
Arsenic mg/kg <0.5
Barium mg/kg 476

Cadmium mg/kg 123.1
Chromium | mg/kg 109.3

Copper mg/kg 480
Lead mg/kg 1449
Mercury mg/kg 3.3
Molybdenum | mg/kg 7.9
Nickel mg/kg 36
Selenium mg/kg 3
Zinc mg/kg 560

After production, the aggregate is stored, and then screened to the required particle
size grading (see Figure 7). The aggregate was tested and compared to British
Standard limits, which are shown in Table 5. British Standard limits often only require
that the specification of the material is reported, and not that it must meet a set
value. The aggregates produced are designated as lightweight aggregate (see also
contribution by Chris Cheeseman elsewhere in this Symposium Book), since their
bulk density does not exceed 1200 kilograms per cubic metre (kg/m3).27 Apparent
particle density was measured as 2.4, which exceeds the limit value for lightweight
aggregate of 2 mega grams per cubic metre (Mg/m3). However, either particle
density or bulk density can be used to classify the aggregate.27
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Table 4: Leached metals from untreated MSWI APCr, processed aggregate, and
concrete blocks containing the APCr aggregate

Stable
MSWI | MSWI APCr
. .| Untreated Standard | Inert Non- | Hazardous
Determinant| Unit APCr Aggregate
MSWI APCr Block | WAC | Reactive WAC
Aggregate Block
WAC
Antimony |mg/kg| <0.03 <0.03 0.08 0.02 0.06 0.7 5
Arsenic  |mg/kg| <0.01 <0.01 0.02 0.03 0.5 2 25
Barium mg/kg 5.8 12.3 0.9 0.3 20 100 300
Cadmium |mg/kg| <0.01 <0.01 <0.01 <0.01 | 0.04 1 5
Chromium |mg/kg 3.4 9.2 0.2 0.2 0.5 10 70
Copper mg/kg 0.4 <0.1 <0.1 <0.1 2 50 100
Lead mg/kg| 143.9 1.8 0.01 0.01 0.5 10 50
Mercury |mg/kg 0.02 <0.001 0.1 0.1 0.01 0.2 2
Molybdenum|mg/kg 2.1 0.8 0.6 0.5 0.5 10 30
Nickel mg/kg| <0.06 <0.06 <0.06 <0.06 0.4 10 40
Selenium |[mg/kg 0.12 0.08 0.1 0.04 0.1 0.5 7
Zinc mg/kg 37,8 0,6 0,07 0,03 4 50 200

WAC ~ Waste Acceptance Criteria for landfill, Hazardous levels in bold type

Sulfate and chloride levels in lightweight aggregate are not directly regulated.
Instead, the levels are set for the final end product, measured as either a percentage
of the total weight of the block or as a proportion of the weight of the cement. The

Figure 7: Manufactured, screened carbonated aggregate (left), concrete blocks
produced from aggregate (right)
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blocks were manufactured using a mixture containing 10% by weight of carbonated
aggregate. Balancing the proportions of the raw ingredients in the block mixture is
important to achieve the desired product. Accordingly, the sulfate and chloride levels
were well within the limits applicable to the finished product.

Table 5: Properties of carbonated aggregate

Loose Bulk|Water Total Acid Apparent |(Water Block Block Bulk
Density, |Soluble Sulfate, |Soluble |Particle Absorp- Strength, |Density,
kg/m3 Chloride, (% Sulfate, |Density, [tion, % MPa kg/m3
% % Mg/m’®
APCr
950° 1.1° 2.0° 1.2° 2.4° 19.6° 4.2° 1661
Aggregate
> 3
Limit ' Not , 1100-
1200% 0.2° 1" 1 2.0° . ]
Value specified 6| 1900
d

® Measured according to BS EN 1097-3%, ® Measured according to BS EN 1744-1%, ¢ Measured according to BS EN 1097-6%, d

Specified for Hanson construction blocks®, ® According to BS EN 13055-1%, f Loose bulk density or apparent density may be

used”’, ® According to BS EN 206 based upon the total weight of cement in the final concrete product®, h According to BS EN
31 i . 32
According to BS 85007,

13139 based upon the total weight of the final product™,
The graded aggregate was directly added into the concrete block making process as a
replacement for natural gravel. Examples of the blocks produced are shown in Figure
7. The compressive strength of the blocks was measured at 4.2 MPa, which exceeds
the published specification for the standard block at 3.6 MPa. Bulk density of the
blocks was 1661 kg/m3, which falls within the range of standard block types
available. Samples of the blocks were despatched to a third party accredited
laboratory for testing the release of regulated contaminants. The results are shown
in Table 4, compared to a standard concrete block not containing MSWI APCr derived
aggregate. Antimony, mercury and molybdenum levels were within stable non-
reactive WAC limits, and close the upper limit for inert. The remaining elements were
within inert WAC limits, or below detection limit. These results were comparable to
the commercial blocks tested. Elevation of the concentrations of arsenic, antimony
and mercury in the block compared to the treated APCr suggests that they are
derived from the existing raw materials used to make the concrete blocks on site.

Conclusions

A pilot scale trial was set up to demonstrate the capture and use of waste carbon
dioxide gas for the accelerated carbonation of hazardous municipal waste incinerator
air pollution control residue (MSWI APCr). The work was completed at a former
landfill site, where landfill gas rich in methane was diverted from a flare stack and
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burnt in a specially designed computer controlled boiler that maximised the amount
of carbon dioxide produced. After contact with the ash, the combustion gas was
substantially stripped of its carbon dioxide content, demonstrating it was possible to
harness a point source of this gas for beneficial use. Leaching from the carbonated
product was within stable non-reactive landfill limits, and was therefore suitable for
use on-site as a geotechnical medium. The carbonated product will be used for the
restoration of a small area of the landfill and for further monitoring and performance
testing.

A second trial was established to construct and operate a full-scale production plant
to create aggregate from MSW!I APCr. The process incorporated multiple stages to
prepare the raw ash, blend with reagents, and manufacture a pelletised product.
After treatment and processing, the leaching from the aggregate was reduced to
within stable non-reactive limits. The aggregate was classified as lightweight, and
was used to manufacture concrete construction blocks. Leaching was comparable to
a standard commercially available block. The bulk density and strength of the blocks
conformed to the required specifications.
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