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ABSTRACT

The aim of this work was to study the biodieseldpobion from cotton seed oil by lipase producedPighia
guilliermondii lipase, which was immobilized ontpdnophobic magnetic particles (HMPs). The optimwaction
conditions were determined for lipase dosage, nmethto-oil molar ratio, temperature and water conteUsing
response surface methodology, a quadratic polynbegjaation was obtained for fatty acid methyl estgtAMES)
content by multiple regression analysis. Verifioatexperiments confirmed the validity of the prestianodel. The
optimal conditions for the enzymatic transesteaificn were temperature of 38.76 31.3% immobilized lipase,
10.4% water content, and a methanol-to-oil molatiocaof 4.715:1. The gas chromatography- mass spawitry
showed that biodiesel was mainly composed of thayinesters of hexadecanoic, 9,12-octadecadienait @
octadecadienoic acid.
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INTRODUCTION (Knothe 2010). Biodiesel is mono alkyl ester of
long chain fatty acids produced via esterification
Due to the rise in demand for energy anthnd transesterification with small chain alcohols,
deterioration of the eco-environment, developingyrincipally methanol, or ethanol (Joshi et al. 2008
clean and renewable sources of alternative ener@jodiesel has been commercialized and utilized in
attracts more attentions (LIU et al. 2012) Biodies many Countries, induding China, Americas and
is a processed fuel derived from the renewablgdia. Methanol is commonly used as an acyl-
resources such as vegetable oils and animal fatggceptor because of its low cost and high
which can replace a significant percentage ofonversion rate compared with other alcohols.
petroleum diesel because its physical and chemicglodiesel is, hence, commonly referred to as fatty
properties and energy content are similar to tobse acid methyl esters (FAMEs). The biodiesel
petroleum diesel (Robles-Medina et al. 2009)production can be carried out by different catalyst
Biodiesel is more clean than the petroleum diesel gyhich may be classified as chemical catalysts and
the emission of particulates, CO, and unburnegnzymes (Nie et al. 2015). Conventional chemical
hydrocarbons from biodiesel combustion are alnethods used for biodiesel production have many
lower than that those from petroleum diesel (SantOﬂrawbackS such as high-energy Consumption and

et al. 2012), therefore, it is theoretically ajntensive use of chemicals. Therefore, many
renewable, non-toxic and biodegradable diesel fugbsearches focus on lipase-catalyzed
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transesterification for biodiesel, which is cleama temperature for 18 h. The magnetic particles were
effective (Liu et al. 2012). The lipase-catalyzedwvashed with distilled water. Then mixed with 100
transesterification can also eliminate the inherentiL ethanol and 100 mL glycerol prior to incubating
problems associated with the use of chemicat 85°C. After that, 10 mL [3-(trimethoxysilyl)
catalysts (Ting et al. 2008). The major barriethi® propyl] octadecyldimethylamonium chloride was
wider use of enzymatic transesterification is thedded to the solution. After 2 h, the resulting
cost of lipases. Therefore, the use of amarticles were collected and dried at 60°C for 2 h.
immobilized enzyme could be a good choice as iTen grams of HMP was added to the 1.0 L culture
can provide enzyme reusability, hence reducesupernatant at room temperature, and stirred by a
operational costs. It can also reduce enzymmagnetic stirrer at 4°C for 6 h. The supernatarg wa
contamination and facilitate easy separation of theeparated from the solid material by centrifugation
products (Sengupta et al. 2010). In addition, thand the solid material was washed with phosphate
stability, activity and reusability of enzymes canbuffer (pH 6.5). After that, the particles were
also be improved by immobilization. The lyophilized at 55°C and 10 Pa for 36 h.
immobilized lipase has been studied extensively for _
biodiesel production due to its faster reactio ratGeneral  procedure for enzymatic

and much lower preparation cost. Severallansesterification _ _
commercial immobilized lipases, such as NovozynThe transester'lflcatlon reactions were carrledmu'g
435 and Lipozyme RM IM, have been also used tgovered shaking flas.ks and heated to reaction
catalyze the methanolysis of oils (Jin et al. 2013) temperature on a reciprocal shaker. The standard
In order to obtain the maximum yield of biodiesel,Féaction mixture were consisted of oil, water,
the effect of four main parameters, includingmethan‘)' and immobilized lipases. .Samples
temperature, methanol to oil molar rate, amount df:00 uL) were taken after 48 h and centrifuged to
biomass and water content were investigated. THPtain the upper layer. Five-microliter samples
response surface methodology (RSM) was als@ere mixed with 9fuL of hexane and 300L of
used to analyze the optimum values and thiéternal standard solution (heptadecanom acid
properties of biodiesel were ainvestigated by gchethyl — ester  hexane  solution) for gas

linked mass spectrometry (GC-MS). chromatographic analysis. All the experiments
were replicated at three times. Results presented

were the mean values for the replicated data.
MATERIAL AND METHODS

Material

Free lipase (lipase activity 3, 270 LU /mL) from
Pichia guilliermondij which was isolated from
seawater from Qing dao was used in the prese
work. P. guilliermondii was cultivated in liquid
medium (olive oil, 10 mL, glucose 5.0g, (MkEQ
1.0g, MgSQ.7H,0O 0.5g, kHPQ, 1.0g, seawater
1000 mL) at 28°C and 150 rpm for 3d to produc
lipase.

Content of FAMEs
The content of FAMEs in the reaction mixture was
analyzed using a GC-14B gas chromatograph
equipped with an FFAP capillary column (0.32
mx25 m) and an FID detector. The column
temperature was set at 150°C for 0.5 min, raised to
250°C at 15°C/min and kept at this temperature for
10 min. The temperatures of the injector and
QYetector were set at 245 and 250°C, respectively.
Nitrogen at 70 mL/min was used as the carrier gas.
The pentadecanoic acid (C15:0, Sigma) methyl
ester at 2.0 mg/mL was used as the internal
standard. The conversion rate of biodiesel was
I_Falculated as the percentage by weight of fattgt aci

mol/L NaOH was added to the solution until the L .
of solution was 13.0 before incubating at 80°C Ff)o ethyl esters formed divided by the weight of feed
: stock initially taken for the reaction.

2h. The magnetic particles collected from the
solution werewashed with distilled water until the
pH of the decanted water became neutia@n RSM experimental design

grams magnetic particles was covered with 30 mIThe three-level four-factor D-Optimal design and

TEOS (tetraethoxysilane), 80 mL ethanol, 24 m N 2
distilled water, and 28 mL NH4O0H at roomLRSNI were employed in this study, t°t6!”y requinng
27 experiments. A Box—Behnken design was used

Immabilization of lipase
FeCk (2.7g) and FesSAA2HO (1.3 g) were
dissolved in 50 mL distilled water. After this, ¢
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to study the response Y, namely, methylat constant value corresponding to the stationary
conversion. The parameters of four independablgoint and changing the other two variables.
variables were X Xz, Xz and X representing Confirmatory experiments were employed to
methanol-to-oil ratio (mol/mol), amount of lipage t validate the equations by combinations of
oil (w/w), water content (v/v) and reactionindependent variables, which were not part of the
temperature (°C), respectively. The settings fer thoriginal experimental design but were within the
independent variables were as follows (low/ higrexperimental region.

value): methanol molar ratio 3:1, 4.5:1, 6:1), . , o

immobilized enzyme amount (0.2, 0.3, 0.4), watef-omposition Analysis of Biodiesel _
content (0.05, 0.1, 0.15) and reaction temperaturBhe composition of biodiesel from cotton seed oil
(30, 40, 50 °C). Each variable to be optimized wa¥as analyzed by Thermo trace GC-MS (DISR
coded at three levels -1, 0, +1. The RSM wa€quipped with a Varian VF-5ms column. The
employed to evaluate the effect of reaction timelemperature of ion source was 250°C. The scanning
reaction temperature, immobilized enzyme and oilFange was from 45 to 450.

alcohol ratio on FAMEs yield. The coded values for

the variables are shown in Table 1. In order tadivo

bias, 27 runs were performed in random order. RESUL TS AND DISCUSSION

Table 1 - The independent variables and levels used foRSNI MOd_eI Fitting . .

response surface design. The design of experiment matrix for the
immobilized catalysts is illustrated in Table 2.€Th
maximum FAMEs yield was 89.32% (run 25), and
minimum FAMEs yield was 40.79% (run 18). In
addition, the experimental results of this analysis
were used to develop a linear equation, which
showed the relationships between FAMEs
conversion percentage, molar ratio of methanol to
oil, reaction temperature, water and catalyst

The responses were analyzed for the optimizatiofPncentration. The following polynomials were the
for methyl ester conversion using SPSS 16.0 arf§gression equations presenting the result of
Matiab R 2009b software. The quadraticmodeling experimental data.

polynomial regression model was assumed foy=-564.392+ 91.055)% 778.908%+ 1128.7%+
predicting response. The empirical formula to findLl3.299%- 47.467XX+ 117.7%Xs  0.035%Xs

the optimal biodiesel yield was given by thel315%Xs+ — 2.71%Xs  12.88%Xs  9.24X>*
Equation 1: 836.208%> 3706.333%% 0.163X2 2)

Y=Aot+ AXa+ AoXo+ AsXat+ AsXa+ AsXiXo+ AgX1 X+  The regression Eg. (2) was analyzed by MATLAB
A X Xat  AgXoXat AgXaXat AXaXat AuX:2+ 7.0 software. The optimum parameters were 4.715
A1Xo%+ AroX %+ AraX 42 (1) molar ratio of methanol to oil, temperature
Where Y was the percentage of fatty acid methy"38.7731°C, 0.3128 immobilized Ilpasc_a and 0.1043
esters (FAMES) yield; dwas constant; A Az, As water content based on cotton_seed oil vqu_me. The
and A were linear coefficients: & As, Ar. As, Ao results of ANOVA for the predicted values fit well

and Ao were cross-product coefficients; AA , with the experlmental values (Tablg 3). The
Aizand A were quadratic coefficients, and,Xo, goodne_ss 9f fit of the moQ(_eI was predicted by the
X3 and X were the quadratic coefficients Showingdeterrr.unanon of the coefficient value of 0.976 and
the squared effects. the adjustgd Rvalues of 0.953. The predlctgd value
The fitness of the model was analyzed by thd/as al_so m_good agreement with the adjustéd R

; r}/alue, implying the significance of the model. The
P{g\lue 0.953 implied that the sample variation of

Factors symbol coded levels
-1 0 +l

Methanol to oil mole rate (molmol) X, 3 45 6

Immobilized lipase amount (w/w) Xa 0.2 03 04
Water content (w/w) X; 0.05 0.1 0.15
Temperature © X4 30 40 50

coefficient significance was checked by F test. |
addition, the response surfaces and contour plo
were developed by using the fitted quadratié
polynomial equation obtained from regressiont
analysis, holding two of the independent variableg gpje 2 - p-Optimal design and response.

953 for FAMEs yield production was attributed to
e independent variables, and only 0.047 of the
otal variation was not explained by the model.
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Design point  Coded independent variable levels Response Tem Cofficient Standard emror Tvale Pvalue
X X % X Y (%) Constant -564392 -8.131 0.000
1 3 0.2 0.1 40 43.56 Xy 91053 6.894 848 0.000
2 3 04 0.1 40 66.72 Xa 778.908 3931 4.836 0.000
3 6 0.2 0.1 40 67.73 X 1128.7 2848 3.864 0002
4 6 0.4 0.1 40 62.41 X 13299 6.713 739 0000
5 g e o i 5529 XX, 47467 -1539 23318 0.006
. aoon i = [ XX W17 1627 L4 0001
[ D 3 X = .23 =) % aa 5
s 45 03 0.15 s0 593 A\.Lh -0_0_1.5 -0133 -0.245 0811
9 3 03 0.1 30 5267 XX -1315 -1212 -3.064 0010
10 3 03 0.1 50 39 87 XX 27 0.688 1.263 0231
11 6 0.3 0.1 30 63.2 XX, -12.38 -1466 -3.001 0011
12 6 03 0.1 50 483 b 94 6345 11188 0.000
13 4.5 0.2 0.05 40 62.34 X¢ -836208 -2552 -4.500 0001
14 4.5 0.2 0.15 40 75.56 XE: -3706.333 -1903 -4986 0.000
15 45 0.4 0.05 40 78.45 X; 20.163 -6593 -8.748 0.000
16 45 04 0.15 40 6537
17 3 03 0.05 40 5836
18 3 03 0.15 40 40.79 H H
G . 03 o 0 sl The three d|men§|ongl response surfgces were
20 6 03 0.15 40 75.23 plotted as shown in Figure 1 as a function of the
o N g o B interactions of any two of the variables by holding
22 45 0.2 0.1 50 50.27 .
- b S o weiad the other one at middle value. From the shape of
24 45 04 0.1 50 68.1 contour plots, the significance of the mutual
. i e s i1 §9.32 interactions between the independent variables
26 45 03 0.1 40 88.79 . .. .
g a5 os o 40 g9 could be estimated. An elliptical profile of the

contour plots indicates remarkable interaction
between the independent variables. The Figure 1
showed similar relationships with respect to the
effects of each variable. The response obtained

Table 3 - Analysis of variance (ANOVA) for the fitted
quadartic polynomial model.

Model Sum of Squares df Mean square F .
‘ were convex nature suggesting that there were well-
Regression 4489.389 14 320.671 17.410 defined ti ti diti The FAME
i P i e efined optimum operating conditions. The S

sl — x yields were sensitive to the methanol molar ratio,
water content, temperature and enzyme amount.
Figure 1A showed the interaction of lipase amount
and methanol molar rate on FAMEs conversion.
The molar ratio of ethanol to oil was one of thesino

The regression coefficients and the correspondinPortant variables affecting FAMEs conversion.
significance are presented in Table 4. Fromghe 1he FAMEs yield initially increased as the
values of each model term, most of the coefficientécreasing of methanol. The'st0|ch|ometr|c ratio fo
were significant at 1% level, including of all the M&thanol to oil was 3:1. While the methanol molar
linear terms, the quadratic terms and the intesacti ratio higher than theoretical value could drive the
of X:X»and %Xs. The interaction terms of :Xu rgactlon to comp_letlon in pract!ce. In this stutthg
and %X, were significant at the 5% level. Otherhighest conversion was obtained at the 4.715: 1
terms of the model had no significant effects oAnolar ratio. Whereas, continuing the increaseen th
FAMES vyield. molar ratio led to a decrease in the yield in that
There are many parameters, which can influendgnresolved methanol, which deactivated the lipase
the performance of FAMEs conversion from cottorPY destroying the active centers of enzyme (Ll.eta
seed oil. FAMEs conversion had a comple>3013)- This could be due to fact that methanol was
relationship with independent variables thaf denaturing agent of enzymes and insoluble in the
encompassed both first and second-orde®il at high concentration, which made proteins
polynomials. The best way of expressing the effed{nstable and deprived “indispensable water” of
of all parameter on the FAMEs yield within the®nzyme (Qin et al. 2008). The amount of water
experimental parameters under investigated was ggSociated with the enzyme is usually an important

generate response surface plots of the equation. factor in the process of lipase-catalyzed
transesterification. Therefore, the effect of water

Table 4 - Estimated regression coefficient for content on transesterification was also examined.
experimental yield (%).

R=0.976, AdjR¥=0.953
** Significantat 1% level
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As shown in Figure 1B, increasing the watertransesterification reactions (Al-Zuhair et al. 2R0
content from 0.05 to 0.15, the FAMEs yield inityall Interaction of water content and temperature on
increased. Nonetheless, continuing the increase PAMESs conversion is shown in Figure 1D. In this
the molar ratio led to a decrease in the yield.aVat study, the temperature range was 30-50°C. Figure
plays multiple roles during lipase catalyzedld showed that raising the temperature initially
methanolysis. Water strongly influences theboosted the yield and then caused a reduction.
catalytic activity and stability of the lipase, aisd Increasing the temperature resulted in an increase
essential to keep the enzyme active in organiEAMESs yield. Temperature is a key parameter that
solvents. The hydrolysis of oil to fatty acids isaffects the conformation of lipase and the reaction
activated when the water is abundant due to theate. The reaction is slow at a low temperature.
increase in the available interfacial area. However, too high temperature induces an increase
The interaction of water content and lipase amournh the rate of reaction diminishing the stabilitfy o
on FAMEs conversion was shown in Figure 1Cenzyme (Gaderinezhad et al. 2014). Therefore, the
The lipase usually catalyzes hydrolysis of oilhnet optimum temperature hinges on the interplay
aqueous solution; therefore, the increase ibetween the operational stability of enzymes and
interfacial area would stimulate the competinghe reaction rate (Mahapatra et al. 2009).
hydrolysis reaction, and further retarding the
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Figure 1 - 3D surface plots of the combined effect of the lipas®unt and methanol molar rate (A),

water content and methanol molar rate (B), watatertt and lipase amount (C), temperature
and water content (D).

Qualitative Analysisof FAMEs hexadecanoic acid methyl esten4d:40.), 9, 12-
Chromatogram of biodiesel from cotton oil (Fig.octadecadienoic acid methyl estendfz40.) and
2A) showed that there were seven fatty acid meth{- octadecadienoic acid methyl estendGsOz),
esters, which were further analyzed with MS. Th&ctadecadienoic acid methyl estefid®sO,), 11-
composition of the biodiesel analyzed by GC-MSEicosenoic acid methyl ester £840,) and
suggested that cotton seed oil biodiesel waKicosenoic acid methyl ester 484,0,). The MS
composed of methyl tetradecanoateisK300.), spectra of three main fatty acid methyl esters,
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including hexadecanoic acid methyl estemethyl ester (@H3602) are shown in Figures 2A,
(Ci7H3407), 9, 12- octadecadienoic acid methyl2B, 2C, respectively.
ester (GoH3402) and 9- octadecadienoic acid

(b)

=
-
b
H \M' ) Mhodsadi e 5

(c) (d)

J

w2t jases
R res . smzzz o
W o I
3 T £y §

Figure 2 - GC-MS of biodiesel from cotton seed oil. Gas chrwgeaphy spectrum of FAMEs (A);
mass spectra of hexadecanoic acid methyl este®(B;octadecadienoic acid methyl ester
(C), and 9-octadecadienoic acid methyl ester (D).

Three main components made up more than 94% okidative stability. Therefore, cotton seed oil kcbu
the total biodiesel. Other minor methyl esters werbe considered as a potential organism for biodiesel
also analyzed and shown in Table 5. production.

Table 5 - The retention times and content of each fatty
acid methyl ester in biodiesel from cotton seed oil CONCLUSIONS

Eatyacidtiodol s st (30 Remontime(me)  Comemt(*9) | thjs study, water was used as the reaction
Methy! tetrads canoate (CysHx,05) 544 0.56 medium for the preparation of biodiesel production
- Hexadecancic acid melityl ester (CH50%) 6.50 o through the immobilized lipase-catalyzed
Hadecao i uebyt overiOiiins 5 55 transesterification of cotton seed oil and methanol

_ The optimal conditions was 4.715 molar ratio of
9,12- Octade cadienoicacid methyl ester (C1sH=Oz)  8.18 4272 methanOI to O|I, temperature 38.7°C, 3127%
9 Octadecadiencicacid methyl ester Crsfien) 8.4 3109 immobilized lipase and 10.43% water content based
Octadocationvic acd et eser (Cislsgs) 845 400 on cotton seed oil volume by RSM analysis. The
11-Eicosencic acid methy! ester (Cy;H,04) 1026 040 GC-MS Showed that blOdIeSEl was mal.nly
. _ composed of the methyl esters of hexadecanoic, 9,
Eicosenoic aad methvl ester (C3Hs03) 1053 030

12- octadecadienoic and 9- octadecadienoic acid.

Polyunsaturated fatty acids contain one, or morACKNOWLEDGMENTS
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