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Jatropha curcas is a well-known source of non-edible veg-
etable oil that is being promoted as an energy source and
high quality feedstock in biodiesel production, especially in
developing countries. The potential that the resulting seedcake
by-product from jatropha oil extraction (∼70% by volume)
could also be used as a component in animal feed raises the
prospect that a commercially viable jatropha-based industry
could be developed. To date, however, the use of jatropha
seedcake in livestock feed formulation has been constrained
by the presence of phorbol esters (PE), which are known pro-
mutagenic and toxic compounds, and by the inability to elim-
inate PE by cost-effective means. Using seedcake by-product
collected from a commercial facility in West Africa that pro-
cesses jatropha biodiesel, this study demonstrates cost-effec-
tive measures of eliminating PE from jatropha seedcake using
a combination of solar irradiation and ozonation.
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INTRODUCTION

Jatropha curcas is a well-known source of non-edible veg-
etable oil that is being promoted as an energy source and
high-quality feedstock in biodiesel production, especially in
developing countries. Pure plant oil (PPO) from jatropha is
currently being used by itself and mixed with petroleum
diesel as a fuel in basic diesel engines for grinding grain,
pumping water and powering mini-grid electrical systems.
Jatropha PPO is also being processed into true biodiesel
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through transesterification for use in more sophisticated
engine types. The transesterification process yields two valu-
able by-products: glycerin (used in the manufacture of soap)
and seedcake with significant nutritive value. In fact, the pro-
tein content of jatropha seed flour was found to be 24.6%
(Akintayo 2004).

The potential that the resulting seedcake from jatropha oil
extraction – 70% by volume – could also be used as a com-
ponent in animal feed raises prospects that a commercially
viable jatropha-based industry could be developed. To date,
however, the use of jatropha seedcake in livestock feed for-
mulation has been constrained by the presence of phorbol
esters (PE), promutagenic and toxic compounds, and by the
inability to eliminate PE by cost-effective means. PE may
reside in other fractions of biodiesel processing (e.g., PPO,
biodiesel, and glycerin); this raises human health concerns
for those handling raw materials and using final co-products.
Using samples collected from a commercial facility process-
ing jatropha biodiesel, this study demonstrates cost-effective
measures of eliminating PE from jatropha seedcake using a
combination of solar irradiation and ozonation.

Previous research conducted on jatropha seedcake by-
product highlights the nutritive potential, risks and challenges
of using the seedcake as a component in animal feed. Makkar
et al. (1997) studied the nutritive potential of 18 varieties of
Jatropha curcas and found that the crude protein concentra-
tions of the jatropha seedcake ranged from 19 to 31% (on a dry
matter [DM] basis), and thus, it could be a potentially valu-
able component of the livestock feed. However, the presence
of several toxins in the seeds makes untreated seedcake unsuit-
able as an animal feed. In their experiments on the recovery of
protein from jatropha seedcake, Makkar et al. (2008) obtained
PE concentrations of 330 g/kg and 295 g/kg of protein in
untreated seedcake and the defatted seedcake, respectively.
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Rakshit et al. (2008) conducted toxicity studies on rats
using treated and untreated jatropha meal. The jatropha seeds
were dehulled, defatted and pressed to produce a meal, which
was then treated with an aqueous solution of either 2% NaOH
or 2% Ca(OH)2 at a ratio of 1:1 (w/v). Their studies showed
reduced appetite and low intake, diarrhea, reduced motor
activity and significant decreases in the body weight of the
rats. The rats fed with the treated meal showed delayed mor-
tality compared with those fed with the untreated meal. The
authors also found that the higher the residual oil content
in the seedcake, the higher the PE concentration and, thus,
the higher the toxicity of the seedcake. Ahmed and Adam
(1979) studied the toxicity of jatropha on sheep and goats.
They reported that jatropha poisoning caused hemorrhage in
the rumen, reticulum, lungs, kidneys and heart of the animals.

Among the several antinutritional factors present in
jatropha, PEs have been identified as the primary toxins
(e.g., Aregheore et al. 2003; Haas et al. 2002; Makkar
and Becker1998). PEs are naturally occurring diterpenes
found in the Euphorbiaceae and Thymeliaceae plant fami-
lies (Dimitrijevic et al. 1996; Haas and Mittelbach 2000).
Besides PEs, several other toxins and anti-nutritional fac-
tors are found in jatropha seeds, including trypsin inhibitors,
lectins, phytate, saponins, amylase inhibitors and cyanogenic
glucosides, most of which are heat-labile (Aderibigbe et al.
1997; Martínez-Herrera et al. 2006), whereas PE is not.

PEs exert several biological effects such as cell prolifera-
tion, tumor promotion, inflammation and lymphocyte mito-
genesis (Aitken 1986). The mechanism of PEs’ toxicity is
related to protein kinase C (PKC), the major receptor of PEs
(Goel et al. 2007; Hundsdoerfer et al. 2005; Makkar et al.
1997; Wink et al. 2000). PKC is a family of kinases that
controls intracellular signal transduction and gene expres-
sion (Dimitrijevic et al. 1996). The interaction of PEs with
PKC affects the activities of several enzymes, biosynthesis of
protein, DNA, polyamines, cell differentiation processes and
gene expression. PEs are classified as co-carcinogens promu-
tagenic (Goel et al. 2007) as they do not induce tumors by
themselves, but promote tumor growth following exposure to
a carcinogen at a subcarcinogenic dose.

Makkar et al. (2009) and Haas and Mittelbach (2000)
studied the fate of PEs during biofuel production. Makkar
et al. (2009) found that the concentration of PEs differed
in oil removed by solvent extraction and cold pressing.
Degumming resulted in a 20% reduction in the PE content
in solvent-extracted oil and 4% in cold-pressed oil. However,
Haas and Mittelbach (2000) reported that degumming did
not result in any appreciable decrease in PE concentration.
Although silica treatment reduced PE by 8% for solvent-
extracted oil, no appreciable decrease in PE concentration
was seen for cold-pressed oil (Makkar et al. 2009). Haas
and Mittelbach (2000) reported that acid neutralization fol-
lowed by bleaching reduced the PE content by 45%. Makkar
et al. (2009) found that deodorization by treatment at 260 ◦C
and 0.3 kPa for 1 h with 1% steam injection reduced the
PE content to non-detectable levels. However, Hass and

Mittelbach (2000) found that deodorization by heating to
200 ◦C with steam distillation for 2 h was ineffective in
reducing the concentration of PE. The variation in the results
of deodorization may be explained by the difference in the
deodorization conditions used in the two studies. Makkar et al.
(2009) noted that the identity and toxicity of the degradation
by-products are currently unknown.

PEs are heat-stable and could not be destroyed by heat
treatment for 30 min at 160 ◦C (Makkar and Becker 1998).
However, the concentration of PEs in jatropha seedcake can
be decreased by various chemical treatment methods (e.g.,
Aregheore et al. 2003; Haas and Mittelbach 2000). Aregheore
et al. (2003) treated defatted meal with sodium hydroxide in
combination with sodium hypochlorite and distilled water,
followed by heat treatment at 121 ◦C for 30 min. The PE
content was reduced with increasing amounts of sodium
hypochlorite. Heat treatment followed by four rinses with
92% methanol reduced the PE content from 1.78 mg/g to
0.09 mg/g. Caustic neutralization and bleaching, which are
conventionally used in oil refining, reduced the PE concentra-
tions in jatropha seed oil by approximately 50%; hydrolysis
of the PEs was suggested as the possible mechanism for this
reduction (Haas and Mittelbach 2000).

Recently, El Diwani et al. (2011) investigated ozonation of
the jatropha seedcake. In this study, 50 g sodium bicarbon-
ate (0.075%) were added to 10 g of ground and sieved seed
cake. The mixtures were ozonated for 2, 3, 6, 9 and 12 min
at an applied ozone dosage of 50 mg/L. Approximately 75%
removal of PE occurred after 3 min of ozonation. The effect
of longer ozonation times was not reported, and the authors
did not optimize the treatment system.

At present, chemical methods of detoxifying jatropha
seedcake are not economically viable for large-scale applica-
tion. Also, using chemicals and solvents for detoxification on
a large scale raises environmental concerns about their dis-
posal. Therefore, the seedcake is used primarily as either as
an organic fertilizer (Kumar and Sharma 2008; Openshaw
2000; Sinha et al. 2011; Srinophakun et al. 2011) or a soil
amendment (Gaind et al. 2009) because its toxic constituents
prevent its use as an animal feed, despite its high protein
content. Advancements in detoxification of the nutrient-rich
jatropha seedcake are essential to improve its value as a live-
stock feedstock. In this study, we investigated the combined
use of ozonation and solar irradiation for the reduction of
phorbol ester concentrations in jatropha seedcake.

MATERIAL AND METHODS

Sample Collection
In the spring of 2010, samples of jatropha seedcake

were collected at the Mali Biocarburant extraction plant in
Koulikoro, Mali, and brought to Michigan State University
for analysis. After collection, solid samples were placed in
sealed, airtight Ziplock plastic storage bags and stored and
shipped in a darkened container. After arrival, samples were
subsequently stored in the dark at 4 ◦C until analyzed.
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Effect of Sun Exposure
An experiment was conducted on site at the Biocarburant

extraction plant to determine the effect of sunlight exposure on
PE content in the seedcake. Fresh seedcake from the extrac-
tion process was placed on a concrete slab at depths of 5 cm
and 10 cm. Portions of the seedcake were exposed to full sun-
light and open air conditions for 24, 48 or 72 h. To maximize
sunlight exposure, one replicate of the seedcake at the 5-cm
and 10-cm depths over the three time periods (24, 48 and
72 h) were turned three times daily at 4-h intervals during
sunlight hours. The remaining seedcake at the two depths was
left unturned throughout the three time periods of the exper-
iment. All samples were covered with a heavy plastic tarp at
sunset and uncovered at sunrise. Homogenized samples were
taken from each of the 5 cm and 10 cm depths and from turned
and unturned seedcake portions at 24, 48 and 72 h, along with
samples of fresh, unexposed seedcake.

Ozonation of Jatropha Seedcake
HPLC-grade water (Sigma-Aldrich, St. Louis, MO)

(0.45 mL) was added to 4.5 g of the untreated seedcake in
a 100 mL glass beaker to result in a moisture content of
10%. The suspension was then vigorously mixed. Water was
added to the seedcake to enhance ozone gas transfer into
the seedcake. After 1 h, the seedcake was transferred to a
custom-made stainless steel tubular cell and ozonated for 5,
10, 20, 40, or 100 min. The schematic of the ozonation sys-
tem is shown in Figure 1. The oxygen gas (Airgas Great
Lakes, Bay City, MI) was dried in a moisture trap filled with
anhydrous calcium sulfate (21001, Drierite Co., OH, USA)
and then fed into the ozone generator (Model # OZ2PCS,
Ozotech Inc, Yreca, CA). The inlet and outlet ozone con-
centrations were monitored with the ozone monitor (Model
#106H 2B Technologies, Boulder, CO). The ozone gas flow
rate into the cell was regulated with a flow controller (Aalborg
Instruments, Monsey, NY). The inlet ozone concentration
was recorded every 10 s using software supplied by 2B
Technologies (Boulder, CO). The outlet ozone concentra-
tion was recorded at the end of 5- and 10-min ozonation
experiments, every 10 min in 40-min ozonation experiments
and every 30 min in 100-min ozonation experiments. Each
ozonation experiment was run in duplicate.

After ozonation, the duplicate samples from each
ozonation time were combined to obtain 9 grams of seedcake,
and the PE was extracted with 135 mL of methanol (Sigma-
Aldrich, St. Louis, MO) according to the procedure described
earlier. The concentration of PE was measured by the HPLC
analysis following the procedure described previously. The
concentration of PE in the extracts was measured in triplicate.

Dry Matter Analysis
The dry weight of the jatropha seedcake was determined

as follows: 100 g of jatropha seedcake from each of the
treatments were placed in an Isotemp Drying Oven (Fisher
Scientific, Pittsburgh, PA) at 80 oC for 48 h. After drying, the

pans were removed from the oven, cooled to room tempera-
ture, and reweighed. The DM analysis for each treatment type
was done in triplicate. The average DM for each treatment
was calculated and used to determine the PE content (as mg/g
DM) in each seedcake sample analyzed by HPLC.

Extraction of Jatropha Seedcake Samples for HPLC
Analysis

g of the seedcake from each treatment were weighed
using a top-loading balance (Metler Toledo AB204-S/FACT,
Switzerland) and transferred into 33 mm × 80 mm,
double-thickness cellulose extraction thimbles (Whatman
International, Ltd., Maidstone, England). Extraction thimbles
were placed into a 250-mL Soxhlet Extraction Apparatus
with Friedrichs condenser (Pyrex-Corning Inc., Corning, NY)
containing 200 mL of HPLC-grade methanol (Sigma-Aldrich,
St. Louis, MO). Samples were extracted by refluxing with
methanol (Lab-Line Extraction Heater, Lab-Line Instruments,
Inc., Melrose Park, IL) for 8 h, then allowed to cool to room
temperature prior to transfer of aliquots to sample vials (2-mL
clear screw-top vials with PTFE liners and polypropylene
screw-cap tops, Supelco Analytical, Bellefonte, PA) for
HLPC analysis. The remaining extraction solvents were
transferred to the glass bottles and stored under refrigeration
for future use.

Analysis of Seedcake Extracts by HPLC
Phorbol 12-myristate 13-acetate (Sigma-Aldrich, St.

Louis, MO) was used as a PE standard. A standard solution
of 20.0 mg/L PE was prepared using HPLC-grade methanol
(Sigma-Aldrich, St. Louis, MO). A calibration curve was
obtained by analyzing 2 to 20 mg/L of standard PE solutions
using HPLC.

The PE content of methanol extracts from the Soxhlet
extraction of seedcake samples was analyzed by HPLC
(Waters 2487 Dual Absorbance Ultraviolet Detector at 235 nm
wavelength, Milford, MA). The method used was based on
that previously reported by Makkar et al. (1997) and Haas and
Mittelbach (2000) with some modifications. All samples were
analyzed in triplicate, and a 20-ppm phorbol 12-myristate 13-
acetate (Sigma-Aldrich, St. Louis, MO) standard was included
with each set of samples analyzed. The PE content was calcu-
lated from the average values of the area under the peak in the
chromatograms using the calibration curves for the standard
PE solution. An isocratic solution of 80% acetonitrile (HPLC
grade, EMD Chemicals, Inc., Gibbstown, NJ) and 20% HPLC
grade water with 1.75 mL orthophosphoric acid (85%, Sigma-
Aldrich, St. Louis, MO) per liter of water was used, keeping
a constant flow rate of 1 mL/min. The sample volume was
200 µL. To assure that there was no carryover between injec-
tions, the column (LiChrospher RP-18 5 µm 250 mm ×
4.6 mm, Supelco, Inc., Bellefonte, PA) was flushed for 30 min
with 100% HPLC-grade acetonitrile (EMD Chemicals, Inc.,
Gibbstown, NJ) between the 20-µL injections.
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FIGURE 1. Schematic of the ozonation system.

RESULTS

Removal of Phorbol Ester during Ozonation
The concentration of PE in the untreated seedcake was

0.078 ± 0.003 mg/g. As shown in Table 1, the ozonation of
the moist seedcake was effective at reducing the PE concen-
tration by >80% (to less than the limits of quantification).
Presumably, more extensive ozonation would have further
reduced the concentration of PE. The greater the amount of
ozone used, however, the more costly the treatment process,
in both capital and operating expenses.

Removal of Phorbol Ester as a Function of the
Jatropha Seedcake Treatment

The efficiency of the PE removal as a function of the treat-
ment type is shown in Table 2. The order of the reaction
during oxidation of the seedcake under the solar radiation was
also determined by plotting the various concentration quan-
tities (C, ln (C) or 1/C) as a function of the exposure time.
Each line was then best fit and R2 were determined. As shown
in Table 3, the highest R2 were obtained when the inverse
of the concentration (i.e., 1/C, as g/mg) was plotted against

TABLE 1. Concentration of Phorbol Ester in the Jatropha Seedcake
after Ozonation

Average applied
ozone dose (mg) per
1 g of seedcake

Concentration of
phorbol ester in the

seedcake, mg/g % of removal

0.43 ± 0.014 0.033 57.9
0.88 ± 0.008 0.025 68.5
1.67 ± 0.085 0.015 80.4
3.20 ± 0.150 0.015 80.6
8.14 ± 0.002 0.014 82.5

All concentrations determined within ± 5%.

TABLE 2. Removal of the Phorbol Ester from the Jatropha Seedcake
as a Function of the Treatment Type

Time, h

Dry weight,
mg/100 mg of

the seedcake, %

Concentration of
phorbol ester in the

seedcake, mg/g
(adjusted for the dry

weight)
% of

removal

Untreated seedcake
0 95.95 0.078

5 cm, turned
24 96.23 0.037 52.7
48 97.54 0.019 76.0
72 96.43 0.017 77.9

10 cm, turned
24 96.14 0.050 35.8
48 97.49 0.045 41.6
72 97.86 0.034 57.4

5 cm, unturned
24 96.50 0.054 31.1
48 96.23 0.049 37.2
72 96.61 0.047 39.0
96 96.47 0.045 42.5

10 cm, unturned
24 96.84 0.051 34.5
48 96.29 0.044 43.7
72 96.73 0.043 45.0

All concentrations determined within ± 5%.

the exposure time, indicating second order reaction, with the
slopes representing the reaction rate constants. The reaction
rate constants are presented in the Table 4. Clearly, the most
rapid degradation of PE occurred in the 5 cm turned seedcake.
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TABLE 3. The R2 Values as a Function of the Treatment Type

R2 value for plot of
Treatment
type

Concentration
(C) mg/g ln C vs. time 1/C vs time

5 cm,
turned

0.836 0.915 0.942

5 cm,
unturned

0.726 0.776 0.827

10 cm,
turned

0.893 0.943 0.958

10 cm,
unturned

0.785 0.824 0.861

All concentrations determined within ± 5%.

TABLE 4. Rate Constants of Various Jatropha Seedcake Treatments

Type of treatment
Second-order rate constant,

g .mg −1 .min

5 cm, turned 0.0113
5 cm, unturned 0.0015
10 cm, turned 0.0037
10 cm, unturned 0.0024

All concentrations determined within ± 5%.

DISCUSSION

Treatment by turning the seedcake in the sun for 72 h was
almost as effective as treating the seedcake with ozone at
a dosage of 0.43 mg/g. Assuming that one can extrapolate
based on the results presented in Tables 1 and 2, and using
the rate constants presented in Table 4, treatment in the sun
for 14 days would result in the same 94% removal achieved
by Aregheore et al. (2003) by heat treating the seedcake and
then extracting it four times with methanol. Pretreatment of
the seedcake using sunlight would minimize the amount of
ozone and costs necessary for subsequent treatment to remove
the residual PE. Alternately, one could irradiate the seedcake
for a longer period of time. Bu et al. (2012) demonstrated that
clay or black soil treated with Jatropha oil was irradiated for
6 days, the concentration of phorbol esters was reduced to
non-detectable levels. Although no toxicity studies have been
conducted on the irradiated or ozonated seedcake, Bu et al.
(2012) showed that the degradation of phorbol esters by sun-
light reduced the mortality in brine shrimp (Artemia salina)
nauplii. The toxicity of the Jatropha oil was comparable to
that of the rapeseed oil control.

Solar treatment of 5 tons of seeds for 72 h would require
a 12 m × 12 m concrete pad for drying the seeds (assum-
ing the seedcake was spread at a depth of 5 cm). Seventy
percent (70%) of the 5 tons of treated seeds is expected to

be turned into seedcake, assuming a density of 0.44 kg/m3.
Solar treatment for 72 h followed by ozonation of the
seedcake at 0.4 mg/g would theoretically result in a treatment
efficiency of approximately 96%. Further research should be
conducted to determine the effect of solar treatment on the
protein content of the seedcake.

The financial analysis presented in Table 5 is based on the
findings of the efficacy of the sunlight exposure and ozone
treatment for seedcake presented above and estimated costs
for the required equipment, infrastructure and labor. Financial
returns are projected using the anticipated volume of seedcake
produced during a single 5-month production cycle of the
Mali Biocarburant extraction plant processing 5 metric tons
of jatropha seeds per 8-h shift per day and operating 20 days
per month. The estimated value of the processed seedcake is
established using a conservative market price – 80% of the
low-end market price for cottonseed meal, a competing pro-
tein supplement commonly used in livestock feed formulation
in Mali.

Competitive bids for a solar-powered ozone generator have
not been obtained, although costs have been solicited from one
European company (ESCO International Ltd., UK). A solar-
powered ozone generator was chosen to avoid problems
resulting from intermittent and unreliable electrical power in
much of the developing world. The estimated costs for the dry-
ing bed are based on the surface area required to accommodate
the daily output of seedcake at a 5-cm depth, then enlarged
slightly. The costs for labor are based on information provided
by Mali Biocarburant (personal communication).

The results of the financial analysis clearly show that the
treatment and sale of jatropha seedcake as a livestock feed
component would be profitable at the anticipated processing
volumes. The assumptions used in the analysis indicate that
the returns from the sale of treated seedcake would cover the
entire investment and operating costs of the processing facil-
ity in a single 5-month production cycle. Treatment of the
glycerin derived from the transesterification process, which
could then be used in the manufacture of soap safe for human
use, may offer an additional value stream if ozone effectively
degrades PE in a glycerin solution.

This is especially important since during our study, the
glycerin obtained from the same processing facility was found
to contain concentrations of PE at approximately 0.5 mg/L.
Preliminary work suggests that the treatment of glycerin
seems promising (El Diwani et al. 2011; Pati 2010), although
these calculations, as well as those on the profitability of
biodiesel production, are not included herein. The ozonation
equipment and facilities could be used for treating both
seedcake and glycerin with few additional equipment costs
and only marginal added labor costs. The multiple revenue
streams from the combined processing and sale of biodiesel,
treated seedcake and soap made from treated glycerin would
significantly improve the overall profitability of processing
plants using jatropha seeds as a feedstock.
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TABLE 5. Financial Analysis for the Treatment of Jatropha Seedcake

Item Units Cost/Unit Total

Labor
Technician (+35% tax) 5.00 $994.74 $4,973.68
Day-labor (+35% tax) 10.00 $170.53 $1,705.26
Labor sub-total $6,678.95
Equipment
Solar-powered ozone generator 1.00 $16,706.25 $16,706.25
Ozone system spare parts 1.00 $4,176.56 $4,176.56
Ozone gas monitor (0–200 g/Nm3) 1.00 $8,032.50 $8,032.50
Air compressor with buffer tank and

drain
1.00 $6,345.00 $6,345.00

Ambient ozone monitor with alarm
(integrated to the ozone plant

1.00 $2,430.00 $2,430.00

Ozone destruct unit 1.00 $4,185.00 $4,185.00
Other equipment, including contactor

(estimated)
$4,000.00 $4,000.00

Export packing + documents and
shipping to Mali, CIF airfreight

1.00 $2,416.50 $2,416.50

Equipment sub-total $48,291.81
Infrastructure
Processing shed (8 × 12 m) 1.00 $4,210.53 $4,210.53 Based on open-sided shed;

fully enclosed would
probably cost double.

Concrete drying pad (14 m × 14 m) 3.00 $1,052.63 $3,157.89
Infrastructure sub-total $7,368.42
TOTAL $62,339.18
Value of seed cake (MT) Assumptions:
1 MT 1.00 $202.11 $202.11 Market value of Jatropha

seedcake is 80% of the low
value of cotton seedcake.

per 8 hr shift 3.50 $202.11 $707.37 5 MT of seeds processed/8 hr
shift, seedcake yield in 70%
of total volume of seeds.

per month 20.00 $707.37 $14,147.37 20 workdays per month.
per annual production cycle 5.00 $14,147.37 $70,736.84 5 months of operation.

ACKNOWLEDGMENTS

The authors would like to acknowledge the technical
assistance of Hugo Verkuijl, Senior Advisor, Development
Policy & Practice, Royal Tropical Institute and Yanlyang Pan,
Technologist/Lab Manager with the Department of Civil and
Environmental Engineering, Michigan State University, East
Lansing, MI.

FUNDING

This work was supported by USAID (grant number 685-I-
00-06-00005-00).

REFERENCES

Aderibigbe, A.O., C. Johnson, H.P.S. Makkar, K. Becker, and N. Foidl.
1997. “Chemical Composition and Effect of Heat on Organic Matter-
and Nitrogen-Degradability and Some Antinutritional Components of
Jatropha Meal.” Anim. Feed Sci. Tech., 67: 223–243.

Ahmed, O.M.M., and S.E.I. Adam. 1979. “Toxicity of Jatropha-Curcas in
Sheep and Goats.” Res. Vet. Sci. 27: 89–96.

Aitken, A. 1986. The Biochemical Mechanism of Action of Phorbol Esters.
Boca Raton, FL: CRC Press.

Akintayo, E.T. 2004. “Characteristics and Composition of Parkia biglob-
bossa and Jatropha Curcas Oils and Cakes.” Bioresour. Technol. 92(3):
307–310.

Aregheore, E.M., K. Becker, and H.P.S. Makkar. 2003. “Detoxification of a
Toxic Variety of Jatropha Curcas Using Heat and Chemical Treatments,
and Preliminary Nutritional Evaluation With Rats.” South Pacif. J. Nat.
Sci. 21: 51–56.

34 S. Masten et al. January–February 2015



Bu, Y., B.T.N. Ha, E. Yeo, L.C. Lo, and Y. Hong. 2012. “Light
Induced Degradation of Phorbol Esters.” Ecotoxicol Environ Saf . 84:
268–273.

Dimitrijevic, S.M., U. Humer, M. Shehadeh, W.J. Ryves, N.M. Hassan, and
F.J. Evans. 1996. “Analysis and Purification of Phorbol Esters Using
Normal Phase HPLC and Photodiode-Array Detection.” J. Pharmaceut.
Biomed. 15: 393–401.

El Diwani, G.I., Sh.A. El Rafei, and S.I. Hawash. 2011. “Ozone for Phorbol
Esters Removal From Egyptian Jatropha Oil Seed Cake.” J. Appl. Sci.
Res. 2(4): 221–232.

Gaind, S., L. Nain, and V.B. Patel. 2009. “Quality Evaluation of Co-
composted Wheat Straw, Poultry Droppings and Oil Seed Cakes.”
Biodegradation 20(3): 307–317.

Goel, G., H.P.S. Makkar, G. Francis, and K. Becker. 2007. “Phorbol Esters:
Structure, Biological Activity, and Toxicity in Animals.” Int. J. Toxicol.
26: 279–288.

Haas, W., and M. Mittelbach. 2000. “Detoxification Experiments with the
Seed Oil from Jatropha curcas.” Ind. Crop. Prod. 12: 111–118.

Haas, W., H. Sterk, and M. Mittelbach. 2002. “Novel 12-Deoxy-16-
hydroxyphorbol Diesters Isolated From the Seed Oil of Jatropha curcas.”
J. Nat. Prod. 65: 1434–1440.

Hundsdoerfer, A.K., J.N. Tshibangu, B. Wetterauer, and M. Wink. 2005.
“Sequestration of Phorbol Esters by Aposematic Larvae of Hyles euphor-
biae (Lepidoptera: Sphingidae)?” Chemoecology 15: 261–267.

Kumar, A., and S. Sharma. 2008. “An Evaluation of Multipurpose Oil Seed
Crop for Industrial Uses (Jatropha Curcas L.): A Review.” Ind. Crop.
Prod. 28(1): 1–10.

Makkar, H.P.S., A. Aderibigbe, and K. Becker. 1998. “Comparative
Evaluation of Non-Toxic and Toxic Varieties of Jatropha curcas for
Chemical Composition, Digestibility, Protein Degradability and Toxic
Factors.” Food Chem. 62: 207–215.

Makkar, H.P.S., and K. Becker. 1998. Jatropha curcas Toxicity: Identification
of Toxic Principle(s). In Toxic Plants and Other Natural Toxicants, edited
by T. Garland and A.C. Barr, 554–558. New York: CAB International.

Makkar, H.P.S., K. Becker, F. Sporer, and M. Wink. 1997. “Studies on
Nutritive Potential and Toxic Constituents of Different Provenances of
Jatropha curcas.” J. Agr. Food Chem. 45: 3152–3157.

Makkar, H.P.S., G. Francis, and K. Becker. 2008. “Protein Concentrate from
Jatropha curcas Screw-Pressed Seed Cake and Toxic and Antinutritional
Factors in Protein Concentrate.” J. Sci. Food Agr. 88: 1542–1548.

Makkar, H.P.S., J. Maes, W. de Greyt, and K. Becker. 2009. “Removal
and Degradation of Phorbol Esters During Pre-Treatment and
Transesterification of Jatropha Curcas Oil.” J. Am. Oil. Chem. Soc.
86: 173–181.

Martínez-Herrera, J., P. Siddhuraju, G. Francis, G. Dávila-Ortíz, and
K. Becker. (2006). Chemical Composition, Toxic/Antimetabolic
Constituents, and Effects of Different Treatments on Their Levels, in
Four Provenances of Jatropha curcas L. from Mexico.” Food Chem. 96:
80–89.

Openshaw, K. 2000. “A Review of Jatropha Curcas: An Oil Plant of
Unfulfilled Promise.” Biomass Bioenerg. 19(1): 1–15.

Pati, P. 2010. “Sustainability of Jatropha Cultivation for Biodiesel
Fuels.” Master’s Thesis, Michigan State University, East Lansing, MI,
USA.

Rakshit, K.D., J. Darukeshwara, K.R. Raj, K. Narasimhamurthy, P. Saibaba,
and S. Bhagya. (2008). “Toxicity Studies of Detoxified Jatropha Meal
(Jatropha curcas) in Rats.” Food Chem. Toxicol. 46: 3621–3625.

Sinha, P.K., P. Srivastava, N. Singh, P.N. Sharma, and H.M. Behl. 2011.
“Optimizing Organic and Mineral Amendments To Jatropha Seed Cake
to Increase its Agronomic Utility as Organic Fertilizer.” Arch. Acker. Pfl.
Boden. 57(2): 193–222.

Srinophakun, P., B. Titapiwatanakun, I. Sooksathan, and V. Punsuvon.
2011. “Prospect of Deoiled Jatropha Curcas Seedcake as Fertilizer for
Vegetables Crops–A Case Study.” J. Agr. Sci. 4(3): 211–226.

Wink, M., C. Grimm, C. Koschmieder, F. Sporer, and O. Bergeot. 2000.
“Sequestration of Phorbol Esters by the Aposematically Colored Bug
Pachycoris klugii (Heteroptera: Scutelleridae) Feeding on Jatropha curcas
(Euphorbiaceae).” Chemoecology 10: 179–184.

Ozone to Remove Phorbol Ester from Jatropha Seedcake January–February 2015 35


	ABSTRACT
	INTRODUCTION
	MATERIAL AND METHODS
	Sample Collection
	Effect of Sun Exposure
	Ozonation of Jatropha Seedcake
	Dry Matter Analysis
	Extraction of Jatropha Seedcake Samples for HPLC Analysis
	Analysis of Seedcake Extracts by HPLC

	RESULTS
	Removal of Phorbol Ester during Ozonation
	Removal of Phorbol Ester as a Function of the Jatropha Seedcake Treatment

	DISCUSSION
	ACKNOWLEDGMENTS
	FUNDING
	REFERENCES

