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ABSTRACT

Sunn hemp (Crotolaria juncea), is a fast growing, high biomass yielding tropical legume that
may be a possible southeastern bioenergy crop. When comparing this legume to
a commonly grown summer legume — cowpeas (Vigna unguiculata), sunn hemp was
superior in biomass yield (kgha ') and subsequent energy yield (GJ ha%). In one year of the
study after 12 weeks of growth, sunn hemp had 10.7 Mgha* of biomass with an energy
content of 19.0 Mgha*. This resulted in an energy yield of 204 GJ ha™*. The energy content
was 6% greater than that of cowpeas. Eventhough sunn hemp had a greater amount of ash,
plant mineral concentrations were lower in some cases of minerals (K, Ca, Mg, S) known to
reduce thermochemical conversion process efficiency. Pyrolytic degradation of both
legumes revealed that sunn hemp began to degrade at higher temperatures as well as
release greater amounts of volatile matter at a faster rate.
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Published by Elsevier Ltd.

1. Introduction

Increasing demands have developed globally for renewable
bioenergy feedstocks. This in turn has led to a worldwide
focus on biofuel production. Prominent bioenergy feedstocks
include corn, sugarcane, and soybean. In addition, wood, crop
residues and perennial forage crops are the second generation
biomass feedstocks that have been the focus of recent
research [1]. Alongside this increase in acceptable bioenergy
feedstocks are increased concerns over sustainable use of
current land and water resources as well as the dilemma of
diverting arable land from food production to bioenergy
production [2,3]. This is especially true considering the
increased food and fuel demands currently placed on tradi-
tional agriculture.

One way to help ease the strain from the “food vs. fuel” debate
is to establish bioenergy crops during fallow periods between
major cash crops. Planting a fast growing bioenergy crop during
fallow periods could have many of the environmental benefits

that are obtained from cover crops such as the following:
reduction in soil erosion; suppression of weeds and insects;
and increase in soil organic carbon [4,5]. Suitable bioenergy
crop candidates should have the following: high dry matter
and energy yields; reduced agricultural input requirements,
and low-contaminant compositions [6—8]. Keeping these in
mind, legumes grown during late summer in the Southeast
region are a high biomass yielding option with no N-fertilizer
requirements.

One such summer legume, sunn hemp (Crotolaria juncea),
is a fast growing legume capable of accumulating large
amounts of biomass in a short time frame. During a three-
year study in Alabama, sunn hemp biomass accumulation
within a 9 to 12 week growing period averaged 5.9 Mgha*
[9]. When tested as a cover crop for corn in Alabama, sunn
hemp at approximately 14 weeks had a reported biomass
yield of 7.6Mgha™' [10]. Greater biomass yields were
reported for sunn hemp grown in Florida as a green manure
source — <12.2 Mgha* [11].
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In addition to quantity, the quality of a bioenergy feedstock
for thermochemical conversion affects the net energy yield
and conversion process efficiency. This quality can be variable
due to environmental influences as well as plant physiology.
Increased ash contentis known to negatively affect the heating
value, thus lowering the net energy yield [6,12]. The ash portion
is comprised of plant minerals that exert both adverse and
beneficial influences on bioenergy thermal conversion unit
operations. The common inorganic minerals, Si, K, and Ca,
contribute to slagging and fouling in combustion processes
[13]; whereas, some inorganic components, such as Zn, can
behave as catalysts during pyrolysis leading to both char yield
reductions and greater combustible gas formation [14,15].

The objective of this investigation was to assess differ-
ences in two legumes sunn hemp and cowpeas, a commonly
grown legume, with regards to biomass quality as a bioenergy
feedstock and bioenergy production. Specifically, this was
accomplished by evaluating: (1) biomass yield; (2) energy
content; (3) energy yield; (4) plant mineral concentrations; and
(5) pyrolytic degradation characteristics.

2. Methods
2.1. Plant materials and energy production

Sunn hemp and cowpeas (Fig. 1) were grown near Florence, SC
in a randomized complete block design with four replicate
plots in 2004 and 2006 (see details in [16]). In 2004, the legumes
were grown in 48 m x 15 m plots on Nobocco loamy sand. In
2006, the legumes were grown in 16 m x 15 m plots on Bon-
neau sand. The legume plots were established in late July each
year. An experiment was established in 2005—2006, but dry
soil conditions following summer legume planting resulted in
poor stands. No pest control measures were used in growing
the legumes.

Legume biomass was harvested three times in both 2004
(26 August, 1 October, and 5 November) and 2006 (30 August,
29 September, and 25 October). The last biomass collection of
each season was made right after the first killing freeze of the

Fig. 1 — Sunn hemp (left) and cowpeas (right) about 6 weeks
after planting.

fall. For cowpeas however, there were not many plants
remaining at the last sampling time in 2004; so, these were not
sampled. Legume biomass yields within each plot were
determined by collecting 0.57 m? areas. After collection,
samples were placed in a 65°C oven until dry and then
weighed. A portion of dried legume samples were ball milled
and analyzed for energy content or higher heating value (HHV)
using a LECO AC500 Isoperibol Calorimeter (Leco Corp., St.
Joseph, MI) following ASTM Standard D5865 [17]. Subsequent
legume energy yields (En,) were calculated as the product of
the energy content and biomass yield.

2.2. Plant tissue characterization

Dried and milled grass samples were analyzed for the following
minerals: phosphorous (P); potassium (K); calcium (Ca);
magnesium (Mg); sulfur (S); zinc (Zn); copper (Cu); manganese
(Mn); iron (Fe); and sodium (Na). Plant mineral analyses by
inductive coupled plasma (ICP) were provided by the Agricul-
tural Service Laboratory at Clemson University and conducted
following general procedures outlined elsewhere [18]. Samples
were also subjected to a proximate analysis that yielded
a biomass sample’s ash, volatile matter and fixed carbon
contents. These components were determined using a ther-
mogravimetric analyzer (TGA; Model TGA/DSC1, Mettler
Toledo International Inc., Columbus, OH) following the same
temperature programs referenced in ASTM D3172 [17].

2.3.  Thermal analysis

Pyrolytic experiments were conducted on each harvested
sample (n=4) using the TGA where the mass loss (thermog-
ravimetry, TG) and temperature changes (differential thermal
analysis, DTA) are recorded simultaneously. The derivative of
the mass loss, or rate of loss, (DTG) was determined using the
TGA software (STARe software v9.10 software (Mettler Toledo
International Inc., Columbus, OH)). This unit operated under
a three-point calibration using indium, aluminum, and gold.
All samples were placed in an AlO3z 70 ul crucible and pyro-
lyzed in UHP N, atmosphere at a flow rate of 60 ml min~?! at
a constant heating rate of 20 °C min~* within the temperature
range of 40—800 °C.

2.4. Statistical analysis

Data were analyzed by Proc GLM (General Linear Model) and
LSD (least significant difference) with Version 9.2 of Statistical
Analysis System (SAS Institute Inc., Cary, NC). Significant
differences between legumes were based on F-test (P < 0.05).

3. Results and discussion
3.1 Energy production and plant tissue characterization

Sunn hemp and cowpea energy content (MJ kg™?) and energy
yields (MJha™") on a dry-basis were analyzed for statistical
differences by year (i.e., within each harvest within a year) due
to differences in type of soil as well as rainfall. Rainfall accu-
mulation totaled 56 cm in 2004 and 22 cm in 2006 [16]. The
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ample rainfall in 2004 benefited sunn hemp growth resulting
in a 3 month biomass yield of almost 11 Mgha’. This was
almost twice the biomass accumulated by that reported by
Mansoer et al. [9] as 5.9 Mgha™?; however, this yield was close
to that reported by Cherr [11]. With this large amount of
biomass, sunn hemp would be within the spectrum of other
second generation bioenergy crops with biomass yields
ranging from 4.2 to 19.9 Mgha™? [1,7]. The limited rainfall for
2006 and plant growth on a more droughty soil resulted in
lower total biomass [16]. During this time, there was no
significant difference in biomass yield for the two species at
any sampling time.

For both years, sunn hemp at 2 months after planting was
more energy dense than the cowpeas (p-value <0.05) with
an HHV 4—5% greater (Table 1). Over the entire study, cowpea
HHV ranged from 17.77 to 18.10 Mjkg * while sunn hemp
HHV ranged from 17.82 to 19.19 MJ kg . For the case of sunn
hemp, the maximum HHV’s were greater than the HHV
reported for switchgrass (18.57 MJkg™* [19]), bermudagrass
(18.78 MJkg* [6]), reed canarygrass (17.7 Mjkg™* [20]) and
alfalfa (18.74 MJ kg~ [21]). For the case of sunn hemp grown
on Nobocco sand with ample rainfall in 2004, the HHV
increased with biomass production. However, for sunn hemp
harvested on Bonneau sand in 2006 under limited rainfall,
the sunn hemp HHV decreased with plant age in accordance
to increases with the ash component (Table 2). These
phenomena may be attributed to physiological adaptations of
these annual plants — during water-deficit stress conditions,
plants shed leaves leaving behind the stalk or stem that has
greater ash content than leaves. This explanation is sup-
ported by the sunn hemp exhibiting little biomass accumu-
lation during their third month of growth. It was interesting
to note a significant decrease for both years in ash content for
the cowpeas after one month suggesting a different physio-
logical change with maturity than sunn hemp. Eventhough
for most instances, the ash content was considered similar
for both legumes, differences were noted in 2006 after the
second month with cowpeas having a lesser ash content
(Table 2). While both legumes’ ash content were greater than
that known for wood varieties, the cowpea ash content was
within the range reported for alfalfa, reed canarygrass, and
switchgrass [20].

Table 2 — Volatile matter (VM), fixed carbon (FC), and ash

compositions at various months after planting (MAP) of
sunn hemp (SH) and cowpeas (CP).

Year Legume MAP VM Wt%a, FC® Wt%a, Ash wt%ap
2004 CP 1 67.92(1.60)° 15.82 (2.82) 15.08 (4.16)
2 7010(1.73) 19.88 (3.74)  9.59 (2.62)
SH 1  6476(1.69) 2591 (5.49) 9.45 (3.17)
2 6531(293) 21.89 (4.89) 12.84 (2.43)
3 7207 (3.58)  14.22 (4.71) 14.82 (4.23)
2006 CP 1 70.31(1.88) 18.19 (0.67) 11.49 (1.72)
2 7296 (2.44) 22.25(2.83) 4.79 (2.66)*
3 69.09 (0.19)* 22.70 (0.66)  8.21 (0.81)**
SH 1 7266 (4.32) 16.01 (3.34) 11.94 (1.47)
2 69.81(0.78) 15.86 (3.38) 13.61 (2.60)
3 64.98(1.92) 22.44 (1.66) 13.51 (1.63)

**Statistically different from SH counterpart.
a Fixed carbon calculated as 100 — VM — Ash.
b Values in parentheses are standard deviations.

In addition to a greater HHV, the sunn hemp at 2 months
after plantinghad a statistically significant greater energy yield
ranging from 148 to 204 GJ ha ™' ( p-value < 0.002). Despite sunn
hemp yielding significantly greater HHV than cowpeas in
2006, the overall energy yields were not considered different
(p-value < 0.28, 0.057, and 0.12, month after planting, respec-
tively). However, for 2004 the significant sunn hemp growth
after 2 months along with greater HHV resulted in significantly
greater energy yields — almost 2.5 times.

Among the measured plant minerals (Tables 3 and 4), K
was the most significant mineral present with concentrations
upwards of 3.13 wt%g, for cowpeas and 2.92 wt%gqp, for sunn
hemp. Plant Ca, Mg, and P were also present in relatively large
quantities. Plant Cu concentrations were the lowest of
measured nutrients ranging from 6.00 to 17.8 ppm. All above-
ground plant nutrient concentrations decreased as plant
biomass matured. Few nutrient concentration differences
(«=0.05) were noted between cowpeas and sunn hemp. When
differences were noted, cowpeas consistently had greater
concentrations of those nutrients. The one exception was for
Na. Plant nutrient concentrations at time of harvest were

Table 1 — Biomass yield, energy content (HHV), and energy yield at various months after planting (MAP) for sunn hemp (SH)

and cowpeas (CP)
il

|
K5
j)
I
|
|
-

Year Legume Biomass® kgg, ha HHV MJ kgdﬁ Energy yield GJ ha
MAP MAP MAP
1 2 3 1 2 3 1 2 3

2004 SH 2070 7891 10718 17.82 18.67 18.94 37.0 147.8 203.6

CP 1628 3222 18.10 17.80 29.6 57.4

P-value 0.15 0.01 = 0.055 0.000 = 0.176 0.002 =
2006 SH 1264 6973 7253 19.19 18.75 18.83 24.3 131.1 137.0

CP 1683 5507 5909 18.06 17.81 17.77 30.5 98.3 105.2

P-value 0.19 0.11 0.20 0.000 0.000 0.000 0.28 0.057 0.12

a Biomass yields previously published in [16].
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Table 3 — Major plant mineral concentrations (with standard deviations) at various months after planting (MAP) of sunn

hemp (SH) and cowpeas (CP).

Year Legume MAP P wt%ap K wt%ap Ca wt%ap Mg Wt%ap S Wt%dp
2004 CP 1 0.38 (0.01)* 3.13 (0.68) 1.18 (0.10)* 0.47 (0.03) 0.22 (0.05)
2 0.23 (0.02) 2.23 (0.34)* 0.49 (0.13) 0.29 (0.02) 0.19 (0.03)*
SH 1 0.31 (0.05) 2.92 (0.46) 0.73 (0.17) 0.38 (0.09) 0.20 (0.04)
2 0.25 (0.03) 1.54 (0.24) 0.78 (0.27) 0.38 (0.09) 0.14 (0.01)
3 0.24 (0.04) 1.33 (0.23) 0.62 (0.20) 0.33 (0.07) 0.13 (0.03)
2006 CP 1 0.32 (0.05) 2.92 (0.46) 1.15 (0.15)** 0.58 (0.09) 0.24 (0.02)
2 0.18 (0.05) 1.22 (0.14) 0.81 (0.33) o 39 (0.01) 0.13 (0.02)
3 0.16 (0.03) 1.25 (0.17)** 0.57 (0.12) 44 (0.03)** 0.15 (0.01)*
SH 1 0.35 (0.08) 2.52 (0.13) 0.78 (0.20) o 49 (0.09) 0.21 (0.03)
2 0.19 (0.01) 1.25 (0.06) 0.58 (0.04) 0.37 (0.04) 0.11 (0.02)
3 0.14 (0.02) 0.88 (0.15) 0.45 (0.11) 0.33 (0.08) 0.09 (0.02)

*Statistically different from SH counterpart.

greater in cowpeas than sunn hemp for K, Mg, S, and Zn. This
results in 3—28% more mass (kgha?) of these nutrients being
removed and potentially residing in the residual combustion
ash portion. In addition, the exact role of these minerals is
unknown during thermochemical conversion.

During pyrolysis and gasification, the inorganic compo-
nents K, Ca, and Na are thought to act as catalysts improving
the rate of degradation and conversion efficiency. Inorganic
salts have been shown to reduce the onset temperature for
degradation as well as increase gaseous volatiles [15,22].
Additionally, both K and Na have been identified to promote
the secondary char gasification reactions with CO, and H,0
that generate the combustible gases of CO and H, [23]. These
components (CO and H,) positively influence the caloric value
of the gas. However, the removal of precipitating minerals
like Ca, Mg, and P as well as S may be necessary as these
have been identified as poisoning metal catalysts used in
catalytic driven gasification processes [24]. Thus, developing
a quality bioenergy feedstock for gasification or pyrolysis
where a combustible gas or oil is desired will require a balance
among minerals. This balance may be achieved with

pretreatments to decrease salt content or potentially through
manipulation of soil nutrient levels.

3.2

Thermal analysis

The weight loss (TG) and derivative of weight loss (DTG)
curves of the plants (Fig. 2) exhibited typical pyrolytic
degradation profiles of other plant materials [25,26]. After
water evaporation, samples underwent a primary devolati-
lization stage. The onset temperature of this stage was
determined to be the temperature corresponding to 5% of
the weight loss with respect to the final dry-basis weight
loss. Once the bulk of biomass was removed, the next stage
was a slow and continuous weight loss. This weight loss
has been attributed to the degradation of heavier chemical
structures in the plant matrix [25]. Some of these materials
may be native to the plant structure or produced during
the primary pyrolysis stage, sometimes referred to as
“secondary thermolysis” [27]. A final temperature of
primary devolatilization was defined on the DTG curve as
the temperature corresponding to the intersection of

Table 4 — Minor plant mineral concentrations (with standard deviations) at various months after planting (MAP) of sunn

hemp (SH) and cowpeas (CP).

Year Legume MAP Zn ppm Cu ppm Mn ppm Fe ppm Na ppm

2004 CP 1 50.3 (7.63)** 8.25 (1.71) 95.5 (18.1)* 104.8 (8.22)* 40.8 (5.44)

2 42.0 (3.74)* 6.50 (0.58) 72.5 (9.68) 66.8 (20.7) 60.8 (6.55)

SH 1 38.3 (3.77) 6.00 (0.82) 445 (11.2) 72.8 (20.6) 43.0 (10.8)

2 32.3 (0.96) 9.25 (4.57) 56.0 (9.56) 56.0 (7.39) 45.8 (12.0)

3 32.5 (5.20) 6.50 (1.00) 38.8 (10.3) 47.0 (13.7) 21.5 (5.20)

2006 CP 1 47.3 (6.55) 17.8 (7.80) 64.8 (10.3)* 174.0 (58.1) 33.0 (6.38)
2 42.8 (13.1) 6.00 (2.45) 52.0 (31.9) 65.0 (26.7) 19.0 (2.83)**

3 51.0 (7.87)* 5.50 (1.29) 38.3 (7.50) 49.3 (9.91) 32.8 (8.42)

SH 1 36.3 (7.85) 13.3 (2.63) 43.0 (9.31) 101.3 (14.4) 35.3 (10.2)

2 30.3 (8.14) 7.50 (2.52) 36.5 (6.03) 50.5 (10.8) 29.8 (8.06)

3 29.8 (10.6) 6.75 (0.50) 29.0 (7.39) 42.0 (19.1) 23.0 (8.91)

**Statistically different from SH counterpart.
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Fig. 2 — Mass (TG) and derivative mass curves (DTG) (n = 4) of the pyrolysis of sunn hemp (SH) and cowpeas (CP) three
months after planting. (TGA Method: 40—800 °G; 20 °Cmin~*; N, atmosphere).

tangent lines in both devolatilization stages. Comparing the
two stages, the primary devolatilization stage released more
volatile matter that can be used in combustion systems for
combined heating and power production or converted into
higher-value fuels via catalytic thermochemical conversion
processes (Table 5) [21]. In addition, the maximum rate of
weight loss (DTGmax) Was in all cases greater for sunn
hemp. At full maturity, sunn hemp DTGpax-value averaged
0.74%/°C. This was similar to rice husks pyrolyzed at 20°C
min~! by Biagini [28] at 0.79%/°C. The rate of maximum
weight loss for cowpeas was consistently closer to that of
cotton stalks and sugarcane bagasse at 0.51-0.57%/°C,
respectively [29].

For this current study, the temperature for the onset of
devolatilization (T,,) was higher for sunn hemp than for
cowpeas and ranged between 200 and 229 °C (Table 5; Fig. 2).
Additionally, T,, was observed to increase with the age and
physiological changes of the plant. The same was true for the
end temperature of the primary devolatilization stage — T,
(Table 5; Fig. 3). However, the temperature range for primary
devolatilization among the two plant species was comparable
to one another. Temperature at maximum devolatilization,
Tmax, for these two legumes ranged between 295 and 343 °C.
This range was lower than those values for pine wood at
371°C [25], rice husk at 357°C [28], and corn stover near
360 °C [26].

Table 5 — Devolatilization characteristics at various months after planting (MAP) of sunn hemp (SH) and cowpeas (CP).

Year Legume MAP Ton® (°C) Tomax’ (°C) TS (°C) DTGmax (%/°C) VM,® (Wt%ab) VM, (Wt%ap)
2004 CP 1 200 316 359 0.50 44.4 8.8
2 219 323 360 0.58 49.3 20.1
SH 1 211 328 356 0.56 41.3 10.0
2 229 332 358 0.70 47.0 12.9
3 223 335 361 0.75 54.5 29.5
2006 CP 1 206 310 350 0.52 43.7 11.6
2 208 296 352 0.49 45.6 211
3 205 295 356 0.55 49.0 26.3
SH 1 211 323 359 0.56 48.1 13.9
2 213 338 360 0.80 52.1 21.2
3 221 343 365 0.72 50.7 17.9

a Onset temperature corresponded to a weight loss of 5%db of the final weight loss.

b Temperature at maximum devolatilization.

c Temperature at end of primary devolatilization stage.

d Maximum rate of weight loss.

e Volatile matter removed during primary devolatilization stage.
f Volatile matter removed during secondary devolatilization stage.
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Fig. 3 — Mass (TG) and derivative mass curves (DTG) (n = 4) of the pyrolysis of sunn hemp (SH) at various months after
planting (MAP). (TGA method: 40—800 °C; 20 °C min~*; N, atmosphere).

4, Conclusion

Sunn hemp (Crotolaria juncea) is a fast growing, high biomass
yielding, tropical legume that can be grown during fallow
periods of cash crops lending itself to become a suitable
southeastern bioenergy crop. When comparing this legume to
another commonly grown summer legume — cowpea, sunn
hemp was superior in biomass yield (kgha™") and subsequent
energy yield (GJ ha™). Interlinked with energy yield, the sunn
hemp energy content (Mjkg™') at the greatest maturity
sampled was 18.94 MJ kg~ *. This was 6% greater than that of
cowpeas. Despite sunn hemp having a greater amount of ash,
sunn hemp concentration of nutrients was lower in some
cases of minerals (K, Ca, Mg, S) known to influence thermo-
chemical conversion process. Pyrolytic degradation of both
legumes revealed that sunn hemp began to degrade at higher
temperatures as well as released more volatile matter.
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