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Optimum of lipase-catalyzed hexyl laurate using substrate

as, solvent in a continuous packed-bed reactor

Running head: Optimization of continuous production on hexyl laurate by

lipase
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Abstract
has |

BACKGROUND: Hexyl laurate was applied in many cosmetic industries
and synthesized by chemical methods with ,s!om"e difficulties in cost,
environmental pollution, and by-products. In this study, Lipozyme® IM77
(from Rhizomucor miehet)éto cataiyze the direct-esterification of hexanol and
lauric acid in a solvent-free system by utilizing a continuous packed-bed reactor,
1n which c;uld ovérconie difficultieé of the-above. Response surface
methodology (RSM) and 3-level-3-factor Box-Behnken design were employed to
evaluate the effects ofvgéyhthesis parameters, such as reaction temperature
(45-65 °C), mixture flow rate (0.25-0.75 mL/min) and concentration of lauric
acid (100-300 mM) onfiproduction rate (umol/min) of hexyl laurate by

direct-esterification.

RESULTS: The production rate was significantly affected m the mixture
‘.i‘ ! 2 | H{r%}%"‘it‘f'\ :

o ; N .
flow rate and,lauric acid concentrate. Based-on the analysis of ridge‘max; the - gl g

-

optimum synthesis conditions for hexyl laurate were as follows: 81.58 + 1.76 L et

pmol/min at 55 °C, 0.5 mL/min flow rate and 0.3 M lauric acid.
CONCLUSION: The optimization of lipase-catalyzed synthesis of hexyl
laurate by Lipozyme® IM-77 in a continuous packed-bed reactor was

successfully developed by Box-Behnken design and RSM.
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Introduction
Hexyl esters with a ““green note” flavor, derived from medium-chain carboxylic

acids such as hexyl laurate, are used as important emollient materials in many

71 |

cosmetic industrial applications.’ :In:genera#,"' hexyl laurate m{symhesized by

Ap | J

, chemical methods in industry with égm’e difficulties in cost, environmental pollution,
| L has ,
and by-products. The lipase-catalyzed esterification had some advantages to

. . v . . .
overcomej\chfﬁcultles abowe, such as reacted in mild conditions, reduced by-products

formulation, specificity of substrates, biodegradabl,e, and decreased cost.’

!

has b ‘
The lipase-catalyzed hexyl ester was successfully performed in n-hexane. 13

Y am ra bl Vre A
The organic solvents with-toxicity.and flammability were major cause of

. . . . s : .
disadvantageous and higher costs. je"dlsburs%tor safety requirements. The
‘ 2.5 ? \ ’ //4 3
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| Y :
enzymatic processes in solvent-free systems are interested for the ester synthesis

with the considerable simplification and reduced environmental hazar(‘i'«.4

"

| (Additional advantages of reactions in a solvent-free system are savings in reactor

design in large-scale process and reduction of separation costs.”

}

Enzymatic synthesis with a continuous bioreactor could either satisfy

consumers’ need for “natural quality” or lower production cost om industrial »"

— ek X : i
\‘.j’:!,} A LN SST | —Tank, |
applications. In-present, four types of bioreactof, ised.in-microorganisms,-zooblast,

LComuma)
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and-plant-cells;-such-as-stirred-tank reactor; packed-bed reactor, membrane reactor,

and-fluidized-bed-reactor.” '’ Packed-bed enzyme reactors are the most frequently

-
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used rqaetors for immobilized lipases. / They are best used continuously en-a

commereial-seale-so-as to minimize labor and overhead costs.!'  Some works

A PP i 4! 13
p Oy bleaTe, " / ‘

on Sl i ' p)

. reported the lipase- catalyzed ester synthem%m %nﬂn%u&paoke&b@d bioreactor,

tured lipids, ' an J r Wityl |gpweate ' (n torch pacs - FEA
Sbtcl'ras ‘butyl-eleate’> thyln@leate—» ~structured-lipids’ «and@rythntyl laurate.
15 O e )
Yang et al.”” reported-the optimization-of lipase-catalyzed glycerolysis in a

bioreactor by response surface methodology (RSM).

; rAn [P
- . \r) 0
The present work focuses on the reaction parameters thet affec};‘ 11Jpase from 17

Rhizomucor miehei (Lipozyme"® IMT77) catalyzed synthesis of hexyl laurate in a

|

;[(‘ ‘\

packed-bed reactor with a solvent-free system. The main objectives @f—t—h—xsawerk

res gt )

were to better understan%relaﬂonshms between the reaction variables (reaction

temperature, flow rate and concentratlon of lauric acid) and the response

X
\(‘\Ccm\u/}rv,

St

(production rate)} and to \obtaln‘ the optimum conditions for hexyl laurate

by
synthesis(using Box-Behnken design and RSM.

Materials and methods
Materials
Immobilized lipase from Rhizomucor miehei, Lipozyme" 77 (7.7 Batch

Acidolysis Unit of Novo, 7.7 BAUN/g; water content, 5.1%) was supphed from
-
__:j Eﬂﬂl wcn -

NOVO Nordisk Bioindustrials (Bagsvaerd, Denmeuk)) Laum, acid (99% pure),

hexanol (98% pure) and tributyrin (99% pure) were purchased from

M—
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Sigma-Aldrich Co. (St Louis, MO, USA) Molecula1 sieve 4 A%  Was-purchased Avord

'\ I;‘-’f-,“.:;v 7‘ 1.» - nnr(r\,,

sz(” and eoromil e ol
from Davison Chemical (Baltimore, MD, USA)ﬂ A ’Sodlum hydrox1de was Bapy (},f’r b in
parallel ’
Grammeh eal
purchased from Katayama Chemical Co. (Japan). Strucheres In
tlosely releted
alawses,
Preparation of hexyl laurate
e A
Lipozyme® IM-77 was employed as a’biocatalyst to perform the direct
esterification of hexanol by lauric ac1d All materials were dehydrated in
ina 4 A oo
overmghtLy molecular sieve 4 Al Before/\reactlon lauric acid and hexanol were
'_H':“.' VY ALY i 7 ‘
well-mixed in a feeding flask. The esterification reaction was earried-out ina . 2/°"'7

packed-bed type reactor consisting of a stainless steel tube 25 cm in length and 24

with-a-0.25-em inner diamete;" The mixture was pumped through a continuous

1 g0 T\

reactor (packed-bed column with 1.5 g Lipozyme® IM-77). at the des1gned

o n\(PWL‘
&l

conditions. The whe%e system was placed in Ll;re temperatur e-controlled chamber

Trzdun gar l

to prevent any possible te /mpcf" ure gradient.

Analytical methods
Analysis of hexyl laurate

The formation of hexyl laurate was dﬁemm’é’d by injecting a 1 uL aliquot in
a splitless mode 1nt0&\gas chromatograph (Hewlett Packard 6890, Avondale, PA,

i

USA) equipped with a flame-ionization detector (FID) and a MXT-65TG fused
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silica capillary column (30 m x 0.25 mm i.d.; film thickness 1 pm; Restek,

Bellefonte, PA, USA). r;kInj ector and FID temperatures were set at 250 and 280 °C,
respectively. The oven temperature was maintained at 130 °C, for 3 min,
and

elevated to 180 °C at a rate of 10 °C/rnin,kheld for 7 min. Nitrogen was used as 7

carrier gas.  The percentage(molar conversion) was defined as (mmole of hexyl

o

laurate + mmole of initial hexanol) x 100% and was estimated,lising/"\]beak area
integrated by,=9hr};lipe>_§ft)‘ﬁi‘ﬁ§?€“Hewlett Packard 6890 Series I ChemStatiop4
The production rate (umol/min) was calculated with the equation betow:

(percentage molar conversion x mixture flow rate x mmole of initial hexanol).

Experimental design and statistical analysis

A 3-level-3-factor Box-Behnken design with three replicates at the center
was employed in this study, requiring 15 experiments with a continuous
packed-bed reactor ir;éolvent-free system [16]. The variables were reaction
temperature (45-65 °C), mixture flow rate (0.25-0.75 mL/min) and concentration
of lauric acid (100-300 mM). The experimental data (Table 1) were analyzed by

the response surface regression (RSREG) procedure to fit the following

second-order polynomial equation [16]:

(oM g
“

3 3 2 3 B
Y:lBka+Z1ﬁk/Xi +Z113kﬁXi2 +Z ZBklj'XfXj y (1)

i=1 j=i+1

7
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2 @here ¥i 1s response (production rate); fxo, Sii» fri and By are constant coefﬁ01ents
aml "oy MPH
= .
3  and X; the uncoded independent variables. The option-of RIDGE—MAX {was Lsynta >:/\
4 employed to compute the estimated ridge of, maximum response for increasing -
A
5  radii from the centre of the original design.
6
7  Results and discussion
8 The application of lipase for esterification reactior‘i_; 1n organic media or
9  solvent-free systerr;f\‘ has increased significantly in the last decade. For the design
10 of suitable reactors, control systems and process optimization, kinetic information
11 on the rate of product formation and the effects of changes in operating conditions
‘VVP« er \,
12 are necessary.'’ Generally, packed—bed reactors are the most in commog\hse |
{ /?m:ﬂ ) ‘ _
13 systenq\ | for large—scale lipase synthesis product apphcatlons . ‘They-are the best
et Jvr N/ L,
14 continuous way which-ecan minimiz/;’l‘abor, overhead costs and further\ the process
15 control to conform’kall commercial demands from industry enterpnse’”
16
~ L1 N
Ji4 ’QF it I | i \L([!L(( g Vf& ’/\
17 A Llpase catalyzed hexyl laurate of one-factor-oi-a-time-design
"""' £ I as ‘f rHIVl \
AL et :
" rax) 18 2% pThe hexyl laurate was carried-out it constant~enzyme—loaded 1.5gin o
{ j\[ﬂ( A o o ]
! ¥ i’lYme “, a _J\{J 2 l 1. ‘. f .
19 contmuously—packed bed reactor/(w?i’fﬁ selvent—ﬁee}((Flgure 1- 3) |F1gule 1[ shewee} Fa
e’ pott
20 .l the lauric acid concentrate affected,ithe molar conversion (%) and production rate
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(umol/mm) Iﬂ—ﬁg&f@—}—md‘teafe& the production rate (umol/min) was more

’é’i L LN
2 mgmﬁcanﬁncreased thanymolar conversion (%) w1th 1nc1eased lauric acid

1

| \vfu)b\/m)f,\k o
3 concentra‘;g at temperature 55 °C and(mlxture flow ratej\O 5 mL/min condition.
N ,i 1€ 731/ B S Bl
{0 ‘“r Jors 4 When laurie= amd concentra’gz ncreased from 0.1 to 0.3 M, jproduction rate was
WX \ — : z
c¢ [cyntax 4
R A 2ppa " i I;F;)r_‘_; oay
[dictit"2s 5 advanced s1gn1ﬁcantly from 26 to 89 pmol/min; bm molar conversion Wﬂﬁt Sy
: "Wl " not Vat § a % 2 0w ! e
[vT) 6 apparent vaﬂatlon ]Flgure 2} show;;;&{(he feactionmolar converswl}(was affected =2/
"‘:.“‘;_-
i - ‘?)_‘
j-" JV&- . »
7  more significantly midlfferent mixture flow rate. When the mixture flow rate was
"t g
8 1ncreased (O 25 to 1.5 mL/min) Amolar conversion was decreased (83% to 15%)
[. : AernpnSTrEit . that obtaini, ) R Wa decreased Bntadt
rap1d1y :Lbe result px.oved to_.get minimum molar conversmn(due to theqenz-yme
; 4 ,ix,'“ (l!é‘ t DS Tratt ey = s '1‘ ' b =il
ancLsubstrat@mmture@ont&ct tlm&decwased Figure 3 mdlcateﬂ‘hexyl laurate Y T

11 carried-out at 45 to 65 °C. The reaction production rate increased (19.85 to 37.48

oMl \ i
& \ ton 3 250 - T
S l - BV A4 CCA

12 pmol/min) at temperaturt/;ﬁ;@m 45 to 55 °Cs @owever, @che p10duct10n rate

- T
13 decreased was induced by the reaction a‘%ftiemperature{ﬁ °C. J this result

o) ' Hotat)
14 y&sﬁd enzyme inactivity due to protein denatulﬁ‘ hil the higher temperature.

15

16  Model fitting

| r‘"_',:» ay i

17 The major objective of this p\ctpq is the development and evaluation of a

18  statistical approach to better understand the affinity between fha-: variables ofa

! li () ’h ‘Sh} a
19  lipase-catalyzed direct esterification reaction mq&‘ol\/em Leq A@he RSM Lonjugjdted

N

20 with)\;%-thctorﬂ -level Box-Behnken design was more efficient in reducing the



2.5/07 - c*“‘ ‘ \{;' ,’ e '} L Prd ?
1k Is this mbbrrv/a‘*~t;( Sor eguation” prescribed by the styles 5 the. turget gournal ?

5
: ; 0 s f rrepresen :
4 pad 7'\:"" WL o b E”(} [;d“ o ;‘1 mbre /} Krel ; & /c r7{e uz? /f):¢ ‘-{

e R

Y .4) - 'A L’ :f )

1 A experimental runs andtime, for investigating the optimized synthesis of hexyl laurate

("gynt 22 inthis study. The RSREG procedure was employed toyfit the second-order |2/ 21ion & synia

1% 3 polynomial eqn. (1) fairty-well (coefficient of determination, R* = 0.993) to the

4 experimental data— pumol/min (T able 1). Among the various txcatmmts thu higphcst
\GF“QC 2 delee m >

am‘ \n &
5 production rate,.obtalned in no.9 (87.44 pmol/min) at 55 °C, 0.75 mL/me and lauric
é}rcl e\

6 acid concentratefO 3 M; and the lowest productlon rate was in no. \12 (20.75

{ & \ [ "A'
M f‘\ + (lelele shesis . !
M @ z"t L ™ : /1] /Pzr/

7 umol/mln) Was treatmem{ (/55 OC 0.25 mL/mlllAaﬁd lauric acid concentr ate/\O 2 Mj).

'?1{ )(i! [r 1.

8  From the SAS output oﬁ\RBREG th “(s econd- mdu polynomial eqn. (2)\0btdm<,d

9 pﬂo&
10 Y = -249.907 + 8.594X, + 69.345X, +262.787X; - 0.076X,X,
11 - 0.225X1X; - 73.037X,X; - 1.472X3X + 167.95X:X, - 15.808X;5X;5  (2)

12 | ‘Analysis of variance (ANOVA) ispresented in Table 2 indicate,& that the

v (e0r

v L

13 second-order polynomial model was highly significant and adequate@ repreSenﬁthe 2%
14 actual relationship between the response (umol/min) and the significant variables

15 with/i&‘/ery small p-value (0.0001). Furthermore, the overall effect of the three

16  synthesis variables on the production rate of hexyl laurate was further analyzed by a

17  joint test (Table 3). ) {ﬁ;esults revealed that the mixture flow rate \fy/éi:é the most S-V '?’]";
18  important parameters, gad exerting a statistically significant overall effect (p<0.01)

19

20
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4 predicted model (eqn. (2)) by holding constant ei‘thel%mixture flow rate, temperature

Dy AN P — 0 .
1) \ e Tl I s . R \
. . . . 5 N (dirhion & 9=V a,,)
5 %launc acid concentrate (Figure 4). F 1gure, 1-3 represents the same range of |~ I

| "

6  synthesis temperaturéf(45 to 65 °C) and lauric acid concentragé (61 to 0.3 M).

Thus 4he Varieo o

T\ <\ 7 Then,production rate waﬂfyapyﬁfé in the mixture flow raté\?\()QS, 0.5, and 0.75

8  mL/min, respectively.

1x 10 The optimum conditions obtained and model verification .

T /{' ry\l‘\a
iw phon| J) whith
i nién

11 2% The optimum point was determined by ridge-max ana,lysns) The-method-of

12 ridge-analysis computes the estimated r1dge ogmdxunum tesponse for increasing 77
: +hc5cﬂ
T g
Hne This :,omnz@ ‘A [BeleX® e oAy

13 radii from the center ()ﬁ‘original design. The ridge-max anal ysis)}gt ‘able 4}5 Showed

i

b5 b
14 ; maximum production rate was 81.58 + 1.76 umol/min at 54 °C, Aﬂow rate was 0.5

S

Q. CoNnCers 'i'zf/';"?" b
15 mL/min and,0.3 M lauric acid.
16 The validity of the predicted model was examined by experiments at the 0.50rzmen

17 suggested optimum conditions of the-abeve. The predicted value was 81.58
Tryphe)
{ % 18  umol/min obtained by ridged—’max analysis}fand' the actual value was 87.44 umol/min
: ; ; }

@5 |mplemutledy, . . :
19 ')" carried-out injexperiments.  Thus, the optimization of lipase-catalyzed synthesis of

20  hexyl laurate by Lipozyme® IM-77 was successfully developed by Box-Behnken

11



1 design and RSM.

3 Conclusion

In owr researin, an

4 According-to-our-study;the optimal production rate;87.44 pmol/min was
by Lipozyme 8 f/\a;[““ 11 in a 50lves (,:_\yfr"rf e S|
%\/,\Jm_x) 5  obtained inselveni-free with Aconti.nuous packed-bed reacto%bf;zb}:riﬁaiyme‘“‘ IM-77.
by the. concessr

6  The production rate was significantly affected;ﬁ the mixture flow rate and,lauric
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7 acid coneentrate. The optimal production rate intemperature 55 °Cs v{nixture flow
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1 Table 1. 3-level-3-factor Box-Behnken design and experimental data for
2 response surface analysis
Factors Production
Treatment  Temperature Flow rate Concentration © rate Predicted
#° (°C) (ml/min) (mM) (Mmol/min) value
X1 X2 X3 Y
1 1(65)° 1(0.75) 0(200) 41.86 44 14
2 1(65) -1(0.25) 0(200) 38.17 36.51
3 -1(45) 1(0.75) 0(200) 47.80 49.46
4 -1(45) -1(0.25) 0(200) 41.85 39.58
3 1(65) 0(0.5) 1(300) 68.44 69.20
6 1(65) 0(0.5) -1(100) 21.64 20.26
7 -1(45) 0(0.5) 1(300) 74.96 76.34
8 -1(45) 0(0.5) -1(100) 22.27 21.51
9 0(55) 1(0.75) 1(300) 87.44 84.41
10 0(55) -1(0.25) -1(100) 25.02 2413
11 0(55) 1(0.75) 1(300) 66.37 67.27
12 0(55) -1(0.25) -1(100) 20.75 23.78
13 0(55) 0(0.5) 0(200) 54.56 54.62
14 0(55) 0(0.5) 0(200) 54.76 54.62
18 0(59) . 0(0.5) 0(200) 54.55 54.62
4  ?The treatments were F_un in & random order,
5 PNumbers in parenthesis represent actual experimental amounts.
6  ©Concentration of lauric acid: o ot does not sonstitte & comp lote sentence |
’ is in @ (a revised) and ¢, do not puntrt u'ﬂh jju‘h{ ,Ji?gi"’ od—unless
prest ri bed by the editorial style o the Target JoK
8

16
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I
Table 2. Analysis of continuous synthesis variance of hexyl laurate fot joint test

Factor Degrees of freedom Sum of squares Prob > F?
Temperature (X4) 4 260.283 0.0213
Flow rate (X,) 4 301.878 0.0156
Concentratg (X3) 4 5463.911 0.0001

@prob > F = level of significance:
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Table 3. Estimated ridge of maximum response for variable production rate

Coded Estimated  Standard Uncoded factor values
radius response error X, Xo Xs
0.0 54.618 1.647 55.000 0.500 0.200
0.2 59.917 1.628 54.837 0.509 0.209
0.4 65.259 1.580 54.670 0.519 0.239
0.6 70.648 1.541 54.498 0.531 0.258
0.8 76.087 1.577 54.323 0.544 0.277

1.0 81.578 1.762 54.147 0.557 0.296
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Table 4. ANOVA for synthesis variables pertaining-to- the response.

Source Df Sum of squares Prob > F?

Model 9 5929.242 0.0001
Linear 3 5572.943 0.0001
Quadratic 3 275.835 0.0115
Crossproduct 3 80.464 0.1161
Lack of fit 3 40.700 0.001

Pure error 2 0.027

Total error 5 40.728

R? 0.993

prob > F = level of significance.
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