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Abstract: Combustion of switchgrass, a low-carbon fuel, generates energy and ash that can be recycled as a pozzolan in cement. This study
aimed to optimize switchgrass combustion to achieve high-energy conversion and ash recycling value for cement. Combustion factors under
investigation included temperature (350°C, 450°C, 550°C, or 650°C) and retention time (1 h or 4 h). Energy release was quantified by
thermogravimetric analysis-differential scanning calorimetry, and ash pozzolanic activity was assessed with the concrete strength test. A
numeric simulation model of the pozzolanic reaction, based on unbiased experimental data from CaðOHÞ2-ash suspensions, provided insight
into how combustion conditions affected the pozzolanic properties of switchgrass ash. Consequently, combustion at 550°C for 4 h was
recommended for concurrently optimizing the ash pozzolanic activity (114%) and energy output (4.21 kJ=g) from switchgrass. DOI:
10.1061/(ASCE)MT.1943-5533.0001312. © 2015 American Society of Civil Engineers.
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Introduction

Replacing fossil fuel with low-carbon fuel (LCF) is an emerging
trend in energy-intensive industries, such as cement production,
to lessen CO2 emissions (Schneider et al. 2011). Since cement
is produced via calcination in a kiln at 1,450°C, a medium-size ce-
ment plant would deplete 3–6 MJ of fossil fuel and emit 0.8 kg of
CO2 per 1 kg of cement fabricated (Huntzinger and Eatmon 2009).
An energy crop like switchgrass (Panicum vigratum L.) is a suit-
able LCF because it is carbon neutral in its life cycle. Its energy
value (17.5 MJ of higher heating value) is similar to other cost-
effective biomass already used as industrial LCF (17–21 MJ=kg)
(Yin 2011). A LCF energy generation unit can be set along with
the cement calcination process to produce green energy (Fig. 1).
Compared to cofiring inside the kiln, this strategy lowers the capital
cost and technical difficulty of using LCF energy for cement pro-
duction and also has a high flexibility for LCF energy unit configu-
ration. Consequently, this concept can make the cement plant
reduce its fossil fuel consumption and carbon footprint accordingly.

Biomass energy is normally generated via combustion at tem-
peratures between 300 and 700°C in a normal air atmosphere,
which can be achieved efficiently in an independent biomass com-
bustor (e.g., moving-grate boiler or fluidized bed) that produces
heat, steam, or electricity (Jenkins et al. 1998). Substituting 5%
or 20% (by calorific value) of fossil energy with switchgrass
energy (4.62% ash content and 17.5 MJ=kg of energy value) would

produce 1.39 kg or 5.54 kg of ash generated on site per 1,000 kg of
cement produced (Wang et al. 2014b). This ash is usually an in-
dustrial solid waste owing to its fine particle size (≤ 5 μm) and
mineral-rich properties (e.g., Si, Fe, Na, K, Ca ≥ 85% by weight)
(Monti et al. 2008). Any cement plant that considers using switch-
grass as LCF must develop an ash disposal plan that is economical
and sustainable.

Since the switchgrass combustion unit (e.g., moving-grate
boiler) is independent from cement calcination, it is possible to
collect and dispose of switchgrass ash by substituting a part of
cement with the ash for concrete making (Fig. 1). If ash possesses
satisfactory physiochemical properties (e.g., rich in SiO2þAl2O3þ
Fe2O3 but low content of carbon and alkali metals, and with an
evidently amorphous structure), it can be considered as an additive
with similar functions as silica fume, metakaolin, or Class F coal fly
ash (ASTM 2012; Chusilp et al. 2009). Physically, ash that passes a
mesh ≤ 45 μm has a fine particle size that acts as a filler in con-
crete, thereby reducing its permeability (Chindaprasirt et al. 2007).
Chemically, the appreciable concentrations of SiO2, Al2O3, and
Fe2O3 in ash can enhance the chemical binding in the concrete
through a pozzolanic reaction. Specifically, amorphous SiO2 in
the ash is expected to react with CaðOHÞ2 that was generated from
the cement hydration to form calcium silicate hydrate [ðCaOÞx ·
ðSiO2Þy · ðH2OÞz; C−S−H] (Shi and Day 2000). Since C−S−H
is the principal strength contributor in concrete, supplementary
C−S−H formation by the pozzolanic reaction should further en-
hance concrete performance, giving it greater strength and more
durability.

According to the previous work, ash from an open switchgrass
combustion (≈411°C for 5 min) contained 67.2% of SiO2 (by
weight), and 72.2% of its structure was amorphous (by unit) (Wang
et al. 2014a). 10% of the cement was substituted with the ash
(≈ 65 μm of mean particle size) to test the strength of concrete
test cylinders (50 mm diameter, 100 mm height). After 28 d curing
in a moisture room at 23°C, concrete strength was 28.6 MPa, which
was weaker than the concrete without ash replacement (32.5 MPa).
The lower strength of concrete produced from a cement blend con-
taining 10% ash was ascribed to its lower SiO2 content (compared
to silica fume, the conventional pozzolan containing 99% SiO2)
and insufficient amorphous phase in structure, since the SiO2
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concentration and amorphous structure determine the pozzolanic
activity of ash (Jauberthie et al. 2000).

Adjusting the combustion conditions could feasibly enhance the
pozzolanic properties of switchgrass ash and increase its recycling
value for blending with cement. It is practical to control the biomass
combustion at a certain temperature for a fixed retention time by
changing the primary/secondary air-supply rate and feedstock
conveying speed in a biomass boiler (e.g., moving-grate boiler)
(Demirbas, 2005; Nussbaumer 2003). Ash structure should be
amorphous predominately, which makes the SiO2 chemically reac-
tive during the pozzolanic reaction. The crystalline-amorphous
microstructure of ash is determined by the original properties of
switchgrass, and it can also be considerably affected by combustion
conditions (Ataie and Riding 2013, 2014). For instance, Feng et al.
(2004) found that an up to 800°C combustion produced a rice husk
ash containing the highest amorphous SiO2 of 95.7%. Yet, Xu et al.
(2012) supported a 600°C combustion for the best amorphous ash.
A low temperature (<500°C) cannot promote the transition from
crystalline to amorphous phase, but amorphous structure was in-
stead transformed back to crystalline phase by an overly high tem-
perature (800°C). Hence, it should be possible to optimize the
combustion process to generate ash with the desired level of poz-
zolanic activity. Cordeiro et al. (2009) found that the sugar cane
bagasse ash from the 600°C combustion possessed the best pozzo-
lanic activity due to its amorphous silica, low carbon content, and
high specific surface area. Biricik et al. (1999) stated that wheat
straw ash produced from combustion at 670°C for 5 h had a higher
pozzolanic activity than that from 570°C combustion. Nair et al.
(2008) asserted that carbon was not completely removed from rice
husk ash when it was combusted at 300°C, whereas combustion at
500–700°C for 12 h generated ash with the best pozzolanic activity
owing to its high amorphous silica content. Villar-Cociña et al.
(2011) found that bamboo leaf ash (600°C combustion for 2 h)
was totally amorphous, and recommended these parameters for
combustion operations aiming to produce ash for blending with ce-
ment. These studies illustrate that careful control of combustion
temperature and retention time can produce ash with advantageous
pozzolanic activity.

Combustion temperature and time alter the physiochemical
properties of ash, thus changing its pozzolanic performance (Zain
et al. 2011). The amorphous change in ash structure can be
estimated by a quantitative X-ray diffraction (XRD) analysis.
However, this method still cannot indicate the pozzolanic activity
unbiasedly, since pozzolanic reaction is determined by both chemi-
cal and physical properties of ash. Hence, a more precise analysis is
further required, which is achieved by a numeric simulation model
with kinetic analysis. Simulation is based on the experimental data
of the conductivity or Ca2þ concentration [Ca2þ] in a CaðOHÞ2-ash
suspension (Luxán et al. 1989). Villar-Cociña et al. (2003) explored

the pozzolanic reaction of sugar cane straw ash and rice husk ash
(combusted at 800°C or 1,000°C), generating experimental data for
the simulation model by mixing 2.1 g of ash with 75 mL of satu-
rated CaðOHÞ2 at 26� 1°C, and then recording conductivity
change in the solution for a 624 h period. A similar method
(2.1 g of ash þ100 mL of CaðOHÞ2, at 26� 1°C in 50 h) was also
used to evaluate the pozzolanic activity of bamboo leaf ash (com-
busted at 600°C for 2 h) (Villar-Cociña et al. 2011). Yet, as this
method indirectly measured the reaction progress by conductivity,
it could not discover the change of Ca2þ (as a principal reactant)
during the pozzolanic reaction. These shortcomings were partially
alleviated by the method of Donatello et al. (2010), who studied the
change in [Ca2þ] in a CaðOHÞ2-pozzolan suspension [1 g of poz-
zolan þ75 mL of CaðOHÞ2, at 40� 1°C]. However, since Ca2þ

was titrated at room temperature (25–28°C) but CaðOHÞ2-pozzolan
reaction occurred at 40� 1°C, this temperature difference would
affect the accuracy of [Ca2þ] results because CaðOHÞ2 solubility
was controlled by its negative heat of solution, leading to conden-
sation of extra CaðOHÞ2 at 40°C [the temperature of CaðOHÞ2-ash
reaction]. Consequently, this condensed CaðOHÞ2 would dissolve
while the pozzolanic reaction occurred, thus affecting the accuracy
of the result. Therefore, an unbiased method is needed to scrutinize
the conductivity-[Ca2þ] correlation during the pozzolanic reaction,
and also to improve the accuracy of the method by performing all
steps at the same temperature.

In addition to the effect on ash properties, combustion temper-
ature affects energy conversion from switchgrass. Typically, biomass
combustion consists of a preparation step (moisture removal,
≤ 200°C), a fast combustion step (volatile pyrolysis, 200–500°C)
and a slow combustion step (char calcination, ≥ 500°C)
(Nussbaumer 2003). Mass loss from the fuel occurs mostly in
the fast combustion step, with a longer char calcination period
assuring that the carbon is totally transformed to CO2 (complete
combustion). Previous studies using thermogravimetric analysis-
differential scanning calorimetry (TGA-DSC) (25–1,000°C) con-
sistently proved that the highest energy conversion efficiency
occurs when temperature is high enough to achieve complete com-
bustion (Yuzbasi and Selçuk 2011; Haykırı-Açma 2003; Gil et al.
2010). As energy extraction is the principal objective of switch-
grass combustion, the temperature effect on energy output and
ash pozzolanic activity should be examined concurrently, espe-
cially when considering a LCF suitable for a cement plant.

This paper aimed to optimize switchgrass combustion to maxi-
mize the ash recycling value in cement and energy output concur-
rently. First, the combustion process was studied using temperatures
of 350, 450, 550, and 650°C, and retention times of 1 and 4 h, and
compared to ash from open combustion (as a control group). Com-
bustion energy output at those temperatures was estimated by TGA-
DSC, and ash pozzolanic activity was examined by measuring the
strength of the concrete made from cement blended with 10% ash.
Second, the crystal characteristics of switchgrass ash were evaluated
with an unbiased method that relied on experimental data from
CaðOHÞ2-ash suspensions to run a numeric simulation of the poz-
zolanic reaction. Kinetic parameters obtained from the simulation
quantified the physiochemical change of ash and the conductivity-
[Ca2þ] correlation during the pozzolanic reaction.

Material and Methods

Switchgrass Preparation and Characterization

Switchgrass was collected from a farm in Williamsburg, Ontario,
Canada. Chemical composition of the switchgrass was analyzed by

Fig. 1. The scenario of using an independent biomass combustion unit
with ash recycling for sustainable cement production
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the fusion inductively coupled plasma (ICP) method with a Varian
Vista 735 ICP analyzer. Combustion profile of the switchgrass was
characterized by the TGA-DSC with a NETZSCH TG 449 F3 Ju-
piter Analyzer. About 18 mg of fine switchgrass particle was placed
in an Al2O3 crucible and heated to 900°C from 25°C in a 20% of
O2þ 80% of N2 (by volume) atmosphere. Volume rate of the gas
was 20 mL=min, and heating rate was 10°C=min. Consequently,
mass loss (%) and enthalpy behavior (mW=mg) were transcribed
throughout the entire combustion process. Based on the TGA-DSC
results, energy output (kJ=g) from the combustion was estimated
from Eq. (1)

Energy output ¼
Z

0.1×T−2.78
0

0.06 ×

�
dH
dT

− dH 0

dT

�
dt ð1Þ

where H (mW=mg) = heat flux of switchgrass sample; H 0
(mW=mg) = heat flux of background; t (min) and T (K) = time
and temperature during the combustion.

Switchgrass Combustion

This work investigated the effect of combustion temperatures (350,
450, 550, and 650°C) and retention times (1 and 4 h) on the poz-
zolanic activity of ash (Table 1). Each test was replicated three
times. Before the test, switchgrass was manually sheared to
0.5 cm long, and approximately 10 g of the switchgrass was placed
in a crucible at a Nabertherm L 5=11 kiln with a gas ventilation
system. Combustion was controlled at the target temperature for
precisely 1 or 4 h. Then, ash was cooled to room temperature nat-
urally before it was collected and weighted. Mass loss following
combustion as a function of temperature and retention time was
compared statistically using a two-factor analysis of variance
(ANOVA) Fisher’s LSD test (at 0.05 level). In addition, ash from
open (uncontrolled) combustion was incorporated as a control group
to compare the influence of a well-controlled combustion on ash
properties. Open combustion was done in an 84 × 38 × 51-cm com-
bustor, at ≈411°C for 5 min. All ash samples were ground with a
laboratory steel ball mill for 30 s prior to further analysis.

Switchgrass Ash Characterization

As-received ash was characterized for its physiochemical, thermal,
crystal, and microstructural properties. Ash from the open combus-
tion (control group) was analyzed by a Brunauer Emmett Teller
(BET) analyzer for its surface area. Its mineral oxide composition
was determined by the X-ray fluorescence (XRF) method with a
PW2400 wavelength dispersive XRF spectrometer. Thermal prop-
erty of the ash (control group) (≈10.6 mg) was examined by the

TGA-DSC (experimental method was the same as described for
switchgrass thermal characterization). Consequently, some critical
temperatures were estimated from the DSC curve, including glass
transition point, crystallization point, and melting/vaporization
zone. Ash from all combustion conditions was characterized for
its crystalline structure by the XRD method with a Philips PW1710
powder X-ray diffractometer. Generator power of the X-ray was
40 kV=20 mA with Cu anode material, and scanning angle ranged
from 5 to 100°2θ. Scanning step size was set at 0.04°2θ=s. Amor-
phous degree in structure was quantified by the Rietveld refinement
using Chebyshev I algorithm (Winburn et al. 2000), which was si-
mulated by a PANalytical XRD software suite. Ash microstructure
was observed by the scanning electron microscope (SEM) with a
FEI Inspect F-50 FE-SEM analyzer. Elemental mapping on the ash
550-4 was performed by an EDAX energy dispersive spectroscopy
(EDS) with octane silicon drift detector (SDD).

Concrete Compressive Strength Test

Compressive strength of concrete cylinders (50-mm diameter,
100-mm height) was tested to estimate the pozzolanic activity in-
dex of ash (Cheriaf et al. 1999; Shao et al. 2000). As described in
Table 2, Blended cement was 90% portland cement (from Lafarge
cement) and 10% ash. Concrete without ash replacement (100%
portland cement) was considered as the reference standard. Chemi-
cal composition of the cement was quantified by the XRF, and its
cementing property was approximated by Bogue’s equation (Bogue
1929). Specific surface area and mean particulate size of the cement
were analyzed with a Horiba laser scattering particle size analyzer.
Water=ðcementþ ashÞ ratio was 0.55 by weight, and coarse/fine
aggregate mass ratio was 1.86. After casting, concrete samples
were cured in a moisture room at 23°C for 28 days. Compressive
strength of concrete was then tested with a Sintech 30/G electro-
mechanical compressor (three replicates). To statistically evaluate
the impact of combustion temperature and retention time on the
ash, compressive strength was interpreted by a two-way analysis
of variance (ANOVA) with replication (n ¼ 3) test (at 0.05 signifi-
cance level). The pozzolanic activity index (PAI, %) of the ash was
calculated from Eq. (2)

PAI ¼ Compressive strength
Reference strength

× 100 ð2Þ

Moreover, for eliminating the disturbance of standard deviation
on the PAI, a signal-to-noise ratio index (S/N) [Eq. (3)] was calcu-
lated to distinguish the best combustion condition for the greatest
PAI by choosing the highest S/N value (Hew et al. 2010)

S
N

¼ −10 × log10

"P
3
j¼1

�
1
Pij

�
2

3

#
ð3Þ

where Pij corresponded to the PAI of the jth replication in the ith
ash sample group.

Table 1. Experimental Treatments for Investigating the Impact of
Switchgrass Combustion on Energy Conversion and Ash Recycling
Value in Cement

Designation Combustion type
Temperature

(°C)
Retention

time Replication

Control Open combustion 411 5 min 3
350-1 Controlled combustion 350 1 h 3
450-1 Controlled combustion 450 1 h 3
550-1 Controlled combustion 550 1 h 3
650-1 Controlled combustion 650 1 h 3
350-4 Controlled combustion 350 4 h 3
450-4 Controlled combustion 450 4 h 3
550-4 Controlled combustion 550 4 h 3
650-4 Controlled combustion 650 4 h 3

Table 2.Mixture Proportion of Portland Concrete and Switchgrass Ash for
Compressive Strength Test

Mixture (kg=m3)
Relative

density (1)
100% cement

(reference group)
90% cementþ

10% ash

Portland cement 2.87 330 297
Fine aggregate 2.81 660 594
Course aggregate 2.61 1,226 1,103
10% ash 1.79 0 33
Water (w=b ¼ 0.55) — 182 182

© ASCE 04015040-3 J. Mater. Civ. Eng.
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Numeric Simulation of Pozzolanic Reaction

Pozzolanic Reaction Progress Measurement
For preparing a saturated CaðOHÞ2 solution, 2 g of CaðOHÞ2 pow-
der (from Fisher Scientific) was dissolved in 1 L of water before
filtration [to remove extra insoluble CaðOHÞ2]. For each ash sam-
ple, 2 g of the ash was added to a plastic bottle containing 75 ml of
the saturated CaðOHÞ2 solution. The plastic bottle was sealed
tightly to avoid carbonation and preserved at 25°C for 360 h.
The solution was sampled every 24 h to measure the conductivity
(mS=cm) and Ca2þ concentration (½Ca2þ�, mmol=L). Conductivity
was tested with a temperature-compensated Fisher Scientific trace-
able conductivity meter. Ca2þ was titrated with 0.03 mol=L EDTA
solution containing Patton and Reeders indicator. Additionally, cal-
ibration was done to obtain the conductivity-½Ca2þ�-pH correlation
in a pure CaðOHÞ2 solution (Fig. S1). All measurements were re-
plicated three times. Based on the experimental data, pozzolanic
reaction progress index (ξ) was calculated by Eq. (4) or Eq. (5)

ξ − conductivity ¼ y0 − yi
y0

ð4Þ

ξ − ½Ca2þ� ¼ z0 − zi
z0

ð5Þ

where ξ-conductivity or ξ-½Ca2þ� = reaction progress calculated
via the conductivity or [Ca2þ] results; yi and zi symbolized the
conductivity and [Ca2þ] at 24 × ih; and y0 and z0 = initial value
at 0 h.

Numeric Simulation
It is rational to simplify the pozzolanic reaction as a heterogeneous
solid-solution process, which could be expressed by a pseudostable
decreasing nucleus model (DNM) (Villar-Cociña et al. 2003). The
pozzolanic reaction was assumed to be controlled simultaneously
by ionic diffusion and chemical interaction. Based on these as-
sumptions, numeric simulation was performed according to Eqs. (6)
and (7) (Rosell-Lam et al. 2011)

ξ¼ 1− 0.23× e−3×t=τ × ð−1þ et=τ Þ× 1
τ

C0 ×De × rs
þ 0.23× 1

τ × e−t=τ

C0 ×K× r2s
ð6Þ

K ¼ KB × T
h

× e−ΔG#=R×T ð7Þ

where ξ (1) = ζ-conductivity or ξ-½Ca2þ�;C0 (mS=cm or mmol=L) =
the initial value of conductivity or ½Ca2þ�; t (h) = reaction time; De
(mm2=h) = diffusion coefficient; K (h−1) symbolized a reaction rate
constant; τ (h) = time interval until pozzolan nucleus decreased to
37% of initial value; rs (mm) = radius of pseudostable solid in the
solid-solution reaction (rs ¼ 0.15 mm); ΔG (kJ=mol) corre-
sponded to the free energy of activation for the overall reaction;
KB and h = Boltzmann constant and the Planck constant, respec-
tively; T (K) = absolute temperature; and R corresponded to the
ideal gas constant.

Interpretation of Simulation Results
To statistically evaluate the impact of two ξ measurement method
difference on the simulation results, a two-way ANOVA was
conducted without replication test at 0.05 significance level. Ash
sample variation and measurement difference (conductivity or
½Ca2þ�) were considered as two independent variables in the test.

Results and Discussion

Chemical and Thermal Properties of Switchgrass

Switchgrass used in this study contained, on average, 2.23% of
SiO2 and 0.56% of CaO (Table 3). Switchgrass had 1.04% of Si
and the Si=Ca ratio was 2.60 (by weight), which guaranteed an ad-
equate Si content for the pozzolanic reaction (Madani Hosseini et al.
2011). Switchgrass also had 96.4% loss on ignition (LOI), which
was due to carbon and moisture removal as well as metal element
evaporation at high temperature (e.g., Na2O or K2O, usually
≥ 800°C). As shown in the TGA-DSC profile (Fig. S2), the com-
bustion profile of the switchgrass evidently consisted of three steps,
including moisture removal (7.88% of mass loss, 25–254°C), fast
volatile oxidization (55.1% of mass loss, 254–367°C) and slow
char calcination (33.7% of mass loss, 367–900°C). During combus-
tion, the maximal thermal decomposition rate (−1.68%=°C)
occurred during the fast volatile oxidization stage (≈348°C), indi-
cating that switchgrass combustion must reach at least 348°C to
activate energy extraction. Switchgrass combustion was an exother-
mic process, which released 8.13 kJ=g of heat when temperature
increased from 25 to 900°C (Fig. S3).

Combustion Test of Switchgrass

Increase in temperature (from 350 to 650°C) consistently raised the
mass loss, an indicator of complete combustion, from 50.2 to
90.1% (1 h), or 54.0 to 91.4% (4 h) (Fig. S4). This was attributed
to the slow char calcination in the high-temperature zone (367–
900°C). Color of the ash changed from dark to white as the temper-
ature increased (Fig. S5), which confirmed that more carbon in ash
was removed by the char calcination. Moreover, longer retention
(from 1 to 4 h) enhanced combustion. Prolonged retention boosted
mass loss from 50.2 to 54.0% (350°C), and from 70.5 to 73.6%
(450°C). Yet, there was no statistically significant difference be-
tween the two retention times when temperature was set at 550°C
(P ¼ 0.150) or 650°C (P ¼ 0.0:700). This affirmed that higher
temperatures were more effective than longer retention time to re-
moving the carbon in ash. With a 4 h retention time, the TGA mea-
surements were similar at each temperature tested (P ¼ 0.470
at 350°C, P ¼ 0.750 at 450°C, P ¼ 0.360 at 550°C, and P ¼
0.470 at 650°C). This means that complete energy conversion of
switchgrass can be achieved either by setting the temperature at
550–650°C for 1 h, or by lengthening the retention time to 4 h
if temperature is set to 350–450°C.

Table 3. Physiochemical Properties of Switchgrass and Its Ground Ash
(As Control Group) from Open Combustion Test (≈ 411°C, 5 min)
Followed by 30 s Steel Ball Mill Grinding

Mineral oxides (% by weight) Switchgrass Ground ash

SiO2 2.23 67.2
Al2O3 0.250 0.680
Fe2O3 0.200 0.310
MnO 0.010 0.070
MgO 0.080 2.05
CaO 0.560 12.3
Na2O 0.040 0.110
K2O 0.140 1.24
TiO2 0.010 0.060
P2O5 0.090 1.15
Loss on ignition (LOI) 96.4 14.8
Total 100 99.9
BET surface area (m2=g) — 41.3

© ASCE 04015040-4 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2015, 27(12): 04015040 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
cG

ill
 U

ni
ve

rs
ity

 o
n 

12
/1

0/
15

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

http://ascelibrary.org/doi/suppl/10.1061/%28ASCE%29MT.1943-5533.0001312/suppl_file/Supplemental_Data_MT.1943-5533.0001312_Wang.pdf
http://ascelibrary.org/doi/suppl/10.1061/%28ASCE%29MT.1943-5533.0001312/suppl_file/Supplemental_Data_MT.1943-5533.0001312_Wang.pdf
http://ascelibrary.org/doi/suppl/10.1061/%28ASCE%29MT.1943-5533.0001312/suppl_file/Supplemental_Data_MT.1943-5533.0001312_Wang.pdf
http://ascelibrary.org/doi/suppl/10.1061/%28ASCE%29MT.1943-5533.0001312/suppl_file/Supplemental_Data_MT.1943-5533.0001312_Wang.pdf
http://ascelibrary.org/doi/suppl/10.1061/%28ASCE%29MT.1943-5533.0001312/suppl_file/Supplemental_Data_MT.1943-5533.0001312_Wang.pdf


Characteristics of Switchgrass Ash

Pozzolanic properties of switchgrass ash were determined from its
physiochemical, thermal, crystal, and microstructural characteris-
tics. Ash from the open combustion (control group) had 41.3 m2=g
of BET surface area and contained 67.2% of SiO2 by weight
(Table 3). Its SiO2þAl2O3þFe2O3 was nearly 70% in total, which
is categorized as Class C ash that could be recycled as a pozzolan in
cement (ASTM 2012). However, its LOI was 14.8% by weight,
which was attributed to the short retention time (5 min) and incom-
plete combustion. High volume of carbon would adversely affect
the microstructure and concrete performance (Zain et al. 2011).
When temperature increased from 25 to 900°C, mass loss of this
ash was 14.1% (Fig. 2), similar to the LOI in Table 3. The entire
process was exothermic (0.760 J=g of heat released), owing to the
carbon removal from the ash. In the ash, glass transition and crys-
tallization happened at 448 and 651°C, thereby the combustion
between 448°C and 651°C would alter the proportion of amorphous
forms substantially (Chindaprasirt et al. 2009; Cumpston et al.
1992). At higher temperatures (≥ 762°C), ash began to fuse and
vaporize. Ash melting might cause a fouling and slagging problem
in a combustor (e.g., moving-grate boiler), which lowers the energy
efficiency (Teixeira et al. 2012).

Combustion temperature and retention time influenced the mi-
crostructure in ash. The XRD profile above a background curve
demonstrated that all of the ashes were predominately amorphous,
particularly in the zone of 20–40° 2θ (Fig. 3). Ash from the open
combustion had the lowest amorphous silica content (78.2% by
crystal unit). Still, a controlled combustion transformed more crys-
talline phase to amorphous form, and ash 550-4 had the greatest
proportion of amorphous forms (85.8%). Longer retention time
(4 h) increased the amorphous proportion from 83.6% (450-1)
to 85.5% (450-4), and from 83.9% (550-1) to 85.8% (550-4).
On the contrary, combustion temperature did not obviously influ-
ence the amorphous property of ash. Since a greater amorphous
characteristic could advance the pozzolanic activity, prolonged
combustion was beneficial to the ash recycling value for cement.

Microstructure in the ash mainly consisted of plates and debris,
and it was affected significantly by combustion conditions. As
shown in the SEM observation (Fig. 4), ash 350-1 had the least
porous structure. Ash porosity increased greatly when combustion
occurred at higher temperatures, either for 1 h or 4 h (samples
450-1, 550-4, and 650-4). High porosity might be the result of

combustion that shattered the plates to debris (the ash 650-4).
Compared to the ash from open combustion (67.2% of SiO2), ash
550-4 possessed 85.2% of SiO2 (Fig. S6), which confirmed that
more carbon was removed by the higher temperature and longer
retention time.

Compressive Strength of Concrete

Portland cement used in this study had a fine particle size of
22.0 μm. It was comprised of 65.6% of ðCaOÞ3 · ðSiO2Þ (abbrevi-
ated as C3 S), 6.93% of ðCaOÞ2 · ðSiO2Þ (abbreviated as C2 S),
12.7% of ðCaOÞ3 · ðAl2O3Þ (abbreviated as C3 A), and 8.49%

Fig. 2. Thermal characteristics of the switchgrass ash from open
combustion (≈411°C, 5 min), used as a control group in this study

Fig. 3. (a) X-ray diffraction (XRD) profile (including the phase infor-
mation) of the switchgrass ash from different combustion conditions.
Control group was the ash from open combustion (≈411°C, 5 min);
(b) comparison of amorphous structure proportion (%) of the ash
samples
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3350 °C, 1 h

450 °C, 1 h

550 °C, 4 h

650 °C, 4 h

(a)

(b)

(c)

(d)

Fig. 4.Microstructural observation on selected ash samples by scanning electron microscopy (SEM): (a) the ash from the switchgrass combustion at
350°C for 1 h; (b) the ash from the switchgrass combustion at 450°C for 1 h; (c) the ash from the switchgrass combustion at 550°C for 4 h; (d) the ash
from the switchgrass combustion at 650°C for 4 h
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of ðCaOÞ4 · ðAl2O3Þ · ðFe2O3Þ (abbreviated as C4AF) (Table S1).
After substituting 10% of the cement with ash, all ash samples from
controlled combustion possessed greater compressive strength in
concrete than the ash from open combustion (29.5 MPa after 28 d)
(Fig. 5). This strength improvement was due to less carbon content
and more amorphous forms in ash from controlled combustion,
compared to the control group. However, strength of the sample
350-1 (32.1 MPa), 450-1 (29.8 MPa), and 550-1 (30.1 MPa)
was slightly lower than the concrete with 100% portland cement
(32.4 MPa, as a reference group). The explanation was that ash
replacement diluted the initial cementitious proportion for hydra-
tion that creates C−S−H (as a primary strength contributor). On the
contrary, ash from combustion with 4 h retention time consistently
led to ≥ 32.4 MPa of strength. Since these ashes had the highest
SiO2 content (e.g., 85.2% in the ash 550-4) and also possessed
a greater proportion of amorphous forms (85.4–85.8%), their poz-
zolanic reaction not only offset the dilution effect in cementitious
composition from ash substitution but also contributed to supple-
mentary C-S-H bond formation.

A two-way ANOVA with replication (n ¼ 3) test revealed that
retention time (P ¼ 2.17 × 10−5) and temperature-retention inter-
action (P ¼ 0.0300) had statistically influenced concrete strength
(Table S2). However, combustion temperature did not significantly
affect the strength (P ¼ 0.620). Thus, adjusting retention time dur-
ing a real combustion operation would be more efficient to optimize
the ash recycling value than altering the temperature. Furthermore,
as listed in Table S3, ash 550-4 had the highest signal-to-noise ratio
at 41.1. This finding suggested that 550°C and 4 h were the optimal
combustion conditions to generate ash with the highest pozzolanic
activity.

Balance between Combustion Energy Output and Ash
Pozzolanic Activity

When the temperature increased from 350 to 650°C, energy output
from the switchgrass combustion monotonically increased from

0.790 to 5.96 kJ=g (Fig. 6). This relationship indicated that higher
combustion temperature led to greater heat release. The ash from
4 h combustion had higher PAI (106–114%) than from the 1 h com-
bustion (92.1–104%). Ash 550-4 exhibited the highest PAI, at
114%, which meant that ash 550-4 could enhance the concrete
compressive strength by 14.2% compared to concrete with 100%
portland cement. However, when combustion lasted for 4 h, an
overly high temperature (650°C) instead degraded the PAI from
114 to 106%. The explanation was that a part of the amorphous
structure was transformed to crystalline phase in this temperature
zone. When considering combustion to optimize the ash recycling
value and combustion energy output concurrently, this work sug-
gested the temperature at 550°C and retention time for 4 h during
switchgrass combustion.

Kinetic Simulation of Pozzolanic Reaction

Combustion Influence on Kinetic Parameters
Since saturated CaðOHÞ2 solution preparation, pozzolanic reaction,
and measurement were conducted at the same temperature (25°C),
this work could provide unbiased experimental data for the numeri-
cal simulation. Conductivity in a pure CaðOHÞ2 solution was
strongly correlated to the [Ca2þ] (R2 ¼ 0.9857, Fig. S1). Thus,
there was an apparent similarity with two pozzolanic reactions in
the CaðOHÞ2-ash suspension (measured via the conductivity or
via the [Ca2þ] in Fig. 7). However, there was appreciable diver-
gence with different ash at the early and middle stages (0–250 h).
In contrast, there was a minor discrepancy at the late stage (250–
360 h), which was due to the complete consumption of SiO2

from ash.
Kinetic parameters (diffusion coefficient De, chemical reaction

rate constant K, constant of time τ , and free energy of activation
ΔG) were evidently impacted by the ash with various pozzolanic
activity (Table 4). Numeric simulation showed good correspon-
dence with the experimental data, which was verified by a statistical
parameter (R2), as shown in Figs. S7 and S8. For all ash samples,
De (1.10 × 10−3 − 6.30 × 10−3 mm2=h) was considerably lower
than K (0.900 × 10−2 − 1.22 × 10−2 h−1). This relationship is in-
terpreted to mean that diffusion speed of the reactants through the
reaction product layer (around the reacting nucleus of the pozzolan
particle) was slower than the chemical reaction rate at the nucleus

Fig. 5. Compressive strength of the concrete with 10% of the ash from
different combustion conditions after 28 days curing in a moisture
room at 23°C. Ash from open combustion was included as a control
group, and is indicated as the dotted line C; concrete without ash re-
placement (100% portland cement) was considered as the reference
group, with the dotted line R; values are the mean (n ¼ 3) and standard
deviation (error bars). Columns with different letters were significantly
different at P < 0.05 level, assessed by a Fisher’s LSD test

Fig. 6. Energy release of switchgrass combustion from 350 to
650°C, and pozzolanic activity index (%) of ash as affected by com-
bustion conditions
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surface. Accordingly, pozzolanic reaction rate in the CaðOHÞ2-ash
suspension was principally limited by the ionic diffusion that might
be affected by the porosity of pozzolanic reaction products.

Different combustion temperature and retention time changed
the physical property (resulted in disparate De) and chemical reac-
tivity (resulted in disparate K) of the entire solid-liquid system.
Deviation with the chemical reactivity was attributed to various car-
bon removal degree (affected the SiO2 purity) and different amor-
phous proportion in ash (affected the SiO2 reactivity). As τ andΔG
were determined by the value of K, both τ and ΔG varied in pro-
portion consequently. Compared to other ash samples, ash 550-4
had the least ΔG, at 62.1 kJ=mol or 62.3 kJ=mol. Because a lower
ΔG was correlated with higher reactivity, pozzolanic reaction
could process more easily and promptly.

Interpretation of Simulation Results
Analysis of the kinetic results (Table 4) demonstrated that the ash
sample source had a significant influence on the K (P ¼ 0.0187),
but no impact on the De (P ¼ 0.393), τ (P ¼ 0.124), and

ΔG (P ¼ 0.0602) (Table S4). These differences indicated that
varying the combustion temperature and retention time substan-
tially changed the chemical interaction at the reaction product
layer of ash-cement mixtures but did not affect the porosity. Thus,
pozzolanic reaction rate in this study was controlled by ionic
diffusion.

As conductivity was strongly correlated with the [Ca2þ] in the
pure CaðOHÞ2 solution (Adj. R2 ¼ 0.9,857, Fig. S1), kinetic results
were hypothesized to be consistent if evaluated by conductivity
measurement or the change in [Ca2þ]. However, ANOVA found
that there was a significant difference for the K (P ¼ 0.00600)
and ΔG (P ¼ 0.0130) but no difference for the De (P ¼ 0.510)
and τ (P ¼ 0.560). This was because there was an extra pozzolanic
contribution by other oxides in ash besides C–S–H. For instance,
Al2O3 and Fe2O3 could interact with free CaðOHÞ2 and SiO2 to
form supplementary strength contributors in concrete microstruc-
ture, such as ðCaOÞx · ðAl2O3Þy · ðSiO2Þz · ðH2OÞw (abbreviated
as C−A−S−H) or ðCaOÞx · ðAl2O3Þy · ðFe2O3Þz · ðH2OÞw (abbre-
viated as C−A−F−H). Since Al3þ and Fe3þ are conductive, this

Fig. 7. Pozzolanic reaction progress of a CaðOHÞ2-ash suspension [2 g ashþ 75 mL saturated CaðOHÞ2 solution], measured via the solution
conductivity or Ca2þ concentration at each 24 h; (a) ash from switchgrass combustion at 350–650°C for 1 h, solution conductivity; (b) ash from
switchgrass combustion at 350–650°C for 4 h, solution conductivity; (c) ash from switchgrass combustion at 350–650°C for 1 h, Ca2þ concentration;
(d) ash from switchgrass combustion at 350–650°C for 4 h, Ca2þ concentration; control group was ash from open switchgrass combustion
(≈411°C, 5 min)

© ASCE 04015040-8 J. Mater. Civ. Eng.

 J. Mater. Civ. Eng., 2015, 27(12): 04015040 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
cG

ill
 U

ni
ve

rs
ity

 o
n 

12
/1

0/
15

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.

http://ascelibrary.org/doi/suppl/10.1061/%28ASCE%29MT.1943-5533.0001312/suppl_file/Supplemental_Data_MT.1943-5533.0001312_Wang.pdf
http://ascelibrary.org/doi/suppl/10.1061/%28ASCE%29MT.1943-5533.0001312/suppl_file/Supplemental_Data_MT.1943-5533.0001312_Wang.pdf


explains why the numerical results for conductivity and the [Ca2þ]
in the CaðOHÞ2-ash suspension differed significantly.

Conclusions

Energy generation and ash recycling in cement could be optimized
concurrently by adjusting the parameters of switchgrass combustion.
When temperature went up from 350 to 650°C, energy output mono-
tonically increased from 0.79 to 5.96 kJ=g. Controlled combustion
transformed more crystalline to amorphous compounds in ash,
although amorphous properties of ash were affected more by longer
retention time than higher combustion temperature. Pozzolanic reac-
tion involving ash from switchgrass combustion was controlled
principally by ionic diffusion, a function of the ash elemental
concentration of SiO2þAl2O3þFe2O3. Compared to ionic diffusion,
chemical interaction in the reaction product layer of the CaðOHÞ2-
ash mixture was more easily influenced by different combustion con-
ditions. Consequently, this work suggested 550°C temperature and
4 h retention time for switchgrass combustion designed to generate
energy and recycle ash in cement. Pozzolanic reaction in cement with
10% ash generated under these optimal conditions not only offset
dilution effect in the cementitious composition due to ash substitu-
tion, but also improved the blended concrete strength by 14.2%. If
the strategy of independent LCF combustion with ash recycling is
extrapolated directly to an average-size cement production plant
(3.06 GJ coal=1,000 kg cement product), CO2 emissions could de-
crease by 1.77% within the entire life cycle when 5% of the coal
burned is replaced by switchgrass energy with ash recycling.
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