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 17 

ABSTRACT 18 

BACKGROUND: Despite the interest that commercial lipases arouse, the number of 19 

industrial applications is still very limited. Only high added value products such as 20 

cosmetic ingredients that can simultaneously benefit of “green chemistry” and “natural” 21 

labels of using biocatalysts can justify the final cost. In any case, process feasibility 22 

economic assesment in the first project stages must be done to take decisions about its 23 

industrial applicability.  24 
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RESULTS: This work presents an economic study of cetyl esters mixture production 1 

process similar to natural spermaceti catalyzed by different in-lab immobilized lipase 2 

derivatives to determine if they can compete, not only in catalytic properties (activity 3 

and stability) but also in price, with the commercial ones. Among results highlight that 4 

CALB lipase immobilized in Amberlite™ XAD™ 1180 whose direct total cost (1.20 5 

€/g) is comparable to commercial lipases, is also effective in spermaceti biocatalytic 6 

synthesis achieving, under optimal conditions, a 98 % of conversion in less than one.  7 

CONCLUSION: High conversion values and it reusability (at least 15 times) ,provides a 8 

product with a price (58 €/kg) similar to the obtained with the well known Novozym® 9 

435 (56.5 €/kg). The future scale-up will allows to better study the process and gives a 10 

more realistic product final price. 11 

 12 

Keywords 13 

Bioprocesses; biotechnology; green chemistry; lipases; process technology; sustainable 14 

processing. 15 

 16 

INTRODUCTION 17 

In recent years, biocatalytic processes have become a fundamental tool in chemical 18 

industry field especially in "fine chemical" production.1 The use of biocatalysts offers 19 

some advantages over traditional chemical processes such as: higher purity products are 20 

obtained, less energy is consumed, the use of chemical products is reduced both in 21 

production separation and purification operations and work environment is much 22 

healthier. These characteristics make that biocatalytic processes are perfectly included 23 

in the called “green chemistry” that is reaching great importance, both from scientific 24 

and social point of view.2 
25 
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Among biocatalyst most commonly used in industry are lipases, enzymes widely known 1 

for their versatility and that can operate in “unusual” conditions such as organic reaction 2 

media and relatively high temperatures, close to 100 ºC.3,4 However, despite the wide 3 

range of possibilities that they offer, the undoubted interest they arouse from basic 4 

research point of view and the number of commercial lipase preparations from different 5 

sources immobilized in different supports available on the market,5,6 it is not possible to 6 

find many industrial applications of lipases.1 Clearly, the main reason in the lack of 7 

using lipases in larger scale is due to the high cost in manufacturing processes because 8 

of the high biocatalyst price.7 Being realistic and, although ecological benefit and the 9 

quality of the final product should gives priority to economic aspect, this is not a real 10 

thought and, truly, the factor that finally decides the start-up of an industrial biocatalytic 11 

process is their economic viability.8 In fact, for low value products, the biocatalysts 12 

industrial use is very limited although the process is widely studied and its viability 13 

demonstrated in scientific literature.9,10 14 

The company Evonik highlights as an exception in the production of some emollient 15 

esters used as cosmetic additives and advertised as “enzymatic emollients”.11,12 Since 16 

biocatalysts are obtained from natural sources and used in processes similar to their 17 

natural function, they are ideal for converting raw materials obtained also from natural 18 

sources. Due to the high demand of ingredients that satisfy the label of “natural” in the 19 

cosmetic industry, compounds biocatalytic obtained are having great acceptance in the 20 

market. 21 

Authors have a wide experience in biocatalytic synthesis of cetyl esters with 22 

commercial immobilized enzymes (Novozym® 435) in absence of solvents13 and in 23 

another work5 they have proved the feasibility of obtaining a mixture of cetyl esters 24 

similar to natural spermaceti with commercial immobilized lipases (Lipozyme® RM IM 25 
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and CalB immo Plus). On the other hand, in a recent paper6, authors have demonstrated 1 

that the biocatalytic synthesis can be much cheaper when an immobilized lipase very 2 

expensive (Novozym® 435) than if another commercial preparation of a much lower 3 

price is used (Lipozyme® TL IM, whose prise is 18 times lower than Novozym® 435) 4 

revealing the great importance of biocatalysis technical features. 5 

In view of all the above, it is clear that the research should be aimed not only to obtain 6 

new biocatalysts more active and susceptible to being reused so that they are 7 

economically profitable, at least in theory, but also it is necessary to carry out economic 8 

studies that demonstrate it without any doubt.14 In this work, total direct process costs 9 

for spermaceti analogue synthesis using four in-lab immobilized Lipozyme® CALB L 10 

derivatives using different supports: Lewatit® VP OC 1064 MD PH, 11 

Amberlite™ XAD™ 1180, Purolite® Lifetech™ ECR 1090 M and Purolite®  Lifetech™ 12 

 ECR 8806 M have been calculated. The final price for obtaining spermaceti has been 13 

compared with the cost previously calculated with the commercial enzyme Novozym® 14 

435.6 It has been proved that enzyme immobilization is a real alternative, with similar 15 

reaction costs, than commercial immobilized preparations available in the market to 16 

catalyse the proposed synthesis process 17 

MATERIALS AND METHODS 18 

Materials 19 

Lipozyme® CALB L, a commercial solution of Candida antarctica lipase B 20 

(≥ 5000 LU g-1, tributyrin assay) was kindly gifted by Novozymes Spain S.A. It was 21 

immobilized into the polymeric supports: Lewatit® VP OC 1064 MD PH (Fluka, 22 

Steinheim, Germany), Amberlite™ XAD™ 1180 (Acros Organics, Geel, Belgium), 23 

Purolite® Lifetech™ ECR 1090 M (Purolite Ltd., Pennsylvania, USA) and 24 

Purolite® Lifetech™ ECR 8806 M (Purolite Ltd., Pennsylvania, USA). The carriers’ 25 
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composition, surface area, pore diameter, particle size and humidity are specified in 1 

Table 1. 2 

Lauric acid (99%) was purchased from Acros Organics (Geel, Belgium). Myristic acid 3 

(98%), palmitic acid (98%), stearic acid (95%) and cetyl alcohol were acquired from 4 

Sigma-Aldrich (Missouri, USA). Other chemicals were all analytical grade. 5 

 6 

Lipozyme® CALB L immobilization by physical adsorption 7 

First, 10 g of the hydrophobic supports were overnight (12 h) pre-treated with 100 mL 8 

of a 10% (v/v) solution of ethanol in order to ease the penetration of the enzymatic 9 

solution within the carrier.7,15 Then, the resins were washed twice with 50 mL of 10 

distilled water and brought in a jacketed column reactor (30 cm long, i.d. 2.5 cm) with a 11 

sintered glass plate placed at 5 cm from the bottom from Afora S.A. (Barcelona, Spain). 12 

Immediately after, 50 mL of a 50% (v/v) solution of Lipozyme® CALB L (27 mg 13 

Lowry protein mL-1 aprox.) in phosphate buffer (0.1 M, pH 7) were added and 14 

recirculated with a 505 Du Watson Marlow peristaltic pump for 9 h and keeping the 15 

temperature at 4 ºC with a Thermo Electron Corporation cryostat. The supernatant 16 

solution was recovered and the immobilized derivative was rinsed with 2 x 50 mL of the 17 

same phosphate buffer with aim of removing the loosely-bound lipase. Finally, the 18 

biocatalyst was air dried and kept refrigerated until use. 19 

Alternatively, the immobilization of Lipozyme® CALB L has also been performed 20 

following the previously described protocol replacing the column reactor by an 21 

Erlenmeyer flask, which was placed in a cool room at 7 ºC, sporadically shaken, for 22 

48 h until reach the same enzyme amount immobilized than with the column. 23 

 24 
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The amount of coupled enzyme was determined by Lowry’s method from the difference 1 

between the protein initially available in the CalB solution and the one present in the 2 

supernatant and buffer washings, using bovine serum albumin as standard.16 3 

Cetyl esters and spermaceti analogue synthesis in a batch reactor  4 

Several parameters were studied during the synthesis of the cetyl esters (alone or as a 5 

spermaceti analogue) in a solvent-free medium containing 20 g of substrates. Amounts 6 

for both, alone cetyl esters and together as spermaceti substrates according to its natural 7 

proportions,17 are depicted in Table 2. All reactions were done under low pressure 8 

conditions (21.3 kPa) and N2 atmosphere (15 mL s-1). The equipment used was Parr 9 

5101 reactor (Parr Instrument Co., Illinois, USA), which is provided with a 100 mL 10 

round glass-jacketed vessel and an overhead turbine-type impeller with four blades set 11 

at 350 rpm. The concentration of biocatalyst and process temperature were varied 12 

depending of the assay and will be defined in the subsequent sections. In all cases, the 13 

reaction was started after properly melting and mixing the substrates, by adding the 14 

selected amount of biocatalyst. Samples were withdrawn periodically; stopping the 15 

stirring a few seconds before and analyzed to follow the reaction course. 16 

 17 

Leakage of CalB  18 

Lipase desorption into reaction media was tested by incubating 0.5 g of each 19 

immobilized derivative in 10.30 g of cetyl alcohol at 70 ºC for 1 h. For that purpose the 20 

reagent was previously melted in a batch reactor under stirring (350 rpm). Once finished 21 

the incubation time, the biocatalyst was allowed to sediment and only cetyl alcohol was 22 

transferred to another identical reaction vessel, containing myristic acid in 23 

equimolecular ratio (9.70 g) under the same conditions: 70 ºC and 350 rpm mixing. 24 
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Samples of the alcohol/acid mixture were withdrawn initially and after 3 hours in order 1 

to detect any residual synthetic activity in reaction media. 2 

 3 

Measurement of reaction course 4 

The reaction extension was determined by measuring the acid value (AV) of the 5 

samples extracted from the reactor. The acid value represents the milligrams of KOH 6 

required to neutralize the free acids contained in 1 g of sample.18 Conversion can be 7 

calculated by using the acid value as follows: 8 

����������	%
 =
�� − ��

��
× 100 

AV0 and AVt are the acid values at the beginning of the experiment and at a given time, 9 

respectively. 10 

 11 

Raw materials prices and energy costs estimation 12 

In order to calculate both immobilization and total reaction costs, only direct operation 13 

costs have been taken into account because are the only one that influence in the 14 

biocatalyst selection. Other indirect costs are similar for the four proposed supports and 15 

there have not been taken into account. In this way, Table 3 shows substrates, reagents 16 

and equipment costs. Substrates and reagents prices are fixed for our suppliers whereas 17 

equipment costs are mainly due to the energetic costs. To calculate energy costs, real-18 

time measurements of the current intensity were carried out with a clamp meter taking 19 

into account electricity’s price at that moment (0.2086 € kW-1h-1 given by Comisión 20 

Nacional de los Mercados y la Competencia, n.d.).19 
21 

Table 3 depicts power consumption of all the equipment employed both in 22 

immobilization and in reaction. Cost estimation has been carried out taking into account 23 

operating time and starting-up. In general, it has been considered a 220 V of average 24 
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tension at the equipments’ terminals. Cryostat, N2 generator and thermostatic bath needs 1 

different time for reaching the set up conditions, for instance cryostat needs 15 minutes 2 

to reach the initial temperature of 4 ºC, N2 generator needs 35 min to produce the 3 

required pressure to guarantee an inert atmosphere for one hour, after that period the 4 

generator reconnects again for 15 min and thermostatic bath require 10 min to reach the 5 

set point of 70 ºC. 6 

 7 

RESULTS AND DISCUSSION 8 

Immobilization 9 

Characterisation of the immobilized derivatives 10 

The global results for the immobilization of Lipozyme® CALB L into the resins above 11 

mentioned are collected in Table 4. In fourth column, is depicted the amount of dry 12 

immobilized derivative obtained after air dried as described in Materials and Methods. 13 

Although the initial amount of support was 10 g, (as shown in Table 1) each carrier 14 

have a different value of humidity.  15 

If supports made of the same material and similar particle size (Lewatit, Amberlite and 16 

ECR 1090M) are compared it can be observed that Lewatit presents lower 17 

immobilization yield and protein loading. Taking into account surface area of the 18 

supports, this parameter alone would not explain the obtained results, since both Lewatit 19 

and ECR 1090M present similar surface areas values (˃ 750 m2 g-1 in both cases) and 20 

have big differences in immobilization results, while the surface area offered by 21 

Amberlite is much lower (≥ 450 m2 g-1) and immobilization results are similar that with 22 

ECR 1090 M support. The results for the three polystyrene supports could be explained 23 

mainly for the pore diameter offered by each support, as the carrier with the smallest 24 

one (50 – 100 Å), Lewatit, leads to immobilization yield 1.6 and 1.7 times lower than 25 
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Amberlite (300 –400 Å) and ECR 1090 M (900 – 1100 Å), respectively. This might be 1 

caused by the fact that Lewatit’s pores are not wide enough to easily allow the diffusion 2 

of CalB, which is a globular lipase of 30x40x50 Å,20 but once they are broad enough, 3 

slight improvements of the immobilization are obtained if the pore is widen, as 4 

previously stated by Chen et al.21 
5 

Results for the polystyrene matrices (Lewatit, Amberlite and ECR 1090 M) compare 6 

with the methacrylate resin (ECR 8806 M) put into evidence that ECR 8806M presents 7 

an immobilization yield and protein loading lower than Amberlite and ERC 1090 which 8 

can be attributed to low superficial area (80 m2 g-1). Besides, ECR 8806M is made of a 9 

different polymer which presents a slightly more polar character than polystyrene which 10 

could also difficult adsorption. Results obtained in this work, regarding enzyme loading, 11 

are of the same magnitude order that those previously published (approximately 12 

50 mg g-1) for CalB adsorption immobilization in different supports21 and notably 13 

inferior to the generally accepted lipase content in commercial Novozym® 435 which is 14 

between 150 and 250 mg g-1.22-24 15 

The activity of the different biocatalysts has been evaluated when freshly-prepared 16 

(time of storage = 0) and periodically within a year. The synthesis of 20 g of cetyl 17 

myristate with 0.25 g of each derivative has been chosen as a model reaction, and 18 

results after one hour are plot in Figure 1. Focusing solely in the conversions achieved 19 

during the experiment just after immobilization, it is evident that all the in-lab 20 

derivatives are able to efficiently catalyse the esterification process; being ECR 1090 M 21 

and ECR 8806 M biocatalysts which display the best activities. Concerning the 22 

polystyrene matrix, the principal reason for this good outcome is in the combined effect 23 

of its high enzyme loading (Table 4) and its pore diameter, as it is confirmed by the fact 24 

that Amberlite, which had similar immobilization yields but narrower pores, exhibits a 25 
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lower activity than ECR 1090 M. On the other hand, the octadecyl methacrylate carrier 1 

ECR 8806 M shows great results despite its lower capacity for binding CalB or its low 2 

surface area, pointing out that this polymer might be more suitable than polystyrene for 3 

the solvent-free esterification of such kind of reagents. 4 

Furthermore, Figure 1 proves that all the biocatalysts can keep their activity during, at 5 

least, one year, when stored in a closed refrigerated recipient. This is quite convenient 6 

for their large scale application, as it makes possible to produce in a single batch (so, 7 

reducing immobilization costs) enough quantity of lipase derivative to be stocked and 8 

used gradually when required, with the guarantee that the reaction products will have 9 

similar specifications all along. 10 

Finally, the characterization of the enzymatic catalysts was completed by evaluating the 11 

possible leakage of CalB into reaction medium as described in Materials and Methods 12 

section. Table 5 gathers the acid value measured when the cetyl alcohol was mixed with 13 

the myristic acid after one hour of contact with the biocatalysts, and the results obtained 14 

3 hours later. As it can be seen, no residual activity was detected, suggesting that the 15 

lipase is adequately adsorbed into the carriers. 16 

 17 

Immobilization direct costs 18 

Total direct immobilization costs (€ (g dry immobilized derivative)-1) have been 19 

calculated as the sum of support, enzyme, other reagents and equipment costs and they 20 

are shown in Table 6. In order to estimate the total cost per gram it has been taken into 21 

account that each support has a different humidity percentage (%) (Table 1) and thus the 22 

grams of dry immobilized derivatives are also different (Table 4). 23 

In Table 6 it can be observed that immobilization costs are lower with Lewatit and 24 

Amberlite supports than with ECR 1090 M and 8806 M, this is due mainly to the fact 25 
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that the prices of these raw supports are also lower. Total cost for immobilized 1 

derivatives in Lewatit and Amberlite supports are similar because they have similar 2 

price of raw material and humidity. However, immobilized derivatives in ECRs support 3 

have a very different cost between them due to the difference in humidity of the two 4 

immobilized derivatives (60.5 % for ECR 1090 M versus 49.4 % for ECR 8806 M). 5 

Comparing the immobilization cost for the two immobilization equipments (column 6 

with a cryostat and in an Erlenmeyer flask placed in a cool room) it is observed that 7 

although the immobilization in cool room lasts more hours (48 versus 9 hours) the 8 

energy cost of this equipment is smaller and therefore the total direct cost of the 9 

immobilized derivatives are lower.  10 

 11 

There are few papers in the literature in which a deep economic study of immobilization 12 

process cost is carried out. Thus, some authors1,7 show that the prices of immobilized 13 

lipase on hydrophobic substrates by adsorption decreases notably when increasing the 14 

support/enzyme ratio which increase the process yield. However, this fact negatively 15 

influences on the immobilized derivative activity and would force to use higher amount 16 

of biocatalyst when it is used as a catalyst in a reaction. Therefore, in this work has been 17 

preferred to obtain biocatalysts with high enzyme load, although immobilization yield 18 

was not very high (Table 4) and that implies a relative economic loss associated with 19 

lipase not used in the supernatant and the washes. 20 

 21 

To the best of our knowledge, only in one study immobilized lipases price for a 22 

production of 250 kg is calculated. Authors conclude that this is five times less than that 23 

of the commercial lipase Novozym® 435.1 Since only the direct costs have been 24 

determined in the present work, they cannot be compared with the values referenced in 25 
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the previous paper,1 however, it can be said that, as shown in Table 6, the direct costs 1 

(without taking into account the cost of equipment, labour, supervision, etc.) are of the 2 

same order of magnitude as the price of Novozym® 435 (1.3 € kg-1). It is evident that 3 

increasing the volume of production would produce a significant reduction in the cost of 4 

the biocatalyst.1,7 5 

 6 

Optimization of the reaction conditions 7 

Effect of the biocatalyst concentration 8 

In the development of processes with biocatalysts it is important to determine the 9 

optimum concentration of catalyst since the reaction rate can be increased significantly 10 

if the appropriate amount of enzyme is used in the medium. However, on the other 11 

hand, if excessive amounts of immobilized enzyme are used diffusional limitations can 12 

be increased and production costs increased13. Therefore, the influence of the amount of 13 

biocatalyst involved in the synthesis of cetyl laurate (CL), cetyl myristate (CM), cetyl 14 

palmitate (CP) and cetyl stearate (CS) at 70 ºC was initially analysed. The study was 15 

carried out for the four esters separately in order to observe the possible influence of 16 

chain length of the different fatty acids in the esterification reaction. Reagents were 17 

added to reactor in equimolecular ratio (Table 2), and concentrations of immobilized 18 

derivative comprised between 0.625 and 5% (w/w) referred to substrates were tested, 19 

leading, after one hour, to results that are summarised in Figure 2. 20 

From this figure, it can be noticed that high conversions are achieved independently of 21 

the ester synthesised, being the biocatalyst selected and its concentration the main 22 

responsible for the differences between the different assays, and not the chain length of 23 

the substrates. In this sense, results obtained are congruent with the ones obtained 24 

during the characterisation of the in-lab derivatives: ECR 1090 M and ECR 8806 M 25 

Page 16 of 32

http://mc.manuscriptcentral.com/jctb-wiley

Journal of Chemical Technology & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

13 

 

show an exceptional activity in the esterification process, while larger amounts of 1 

Lewatit and Amberlite are required to reach conversions greater than 90%. Thus, 2 

1.25% (w/w) was selected as the optimum concentration for the ECR biocatalysts, 3 

whereas 2.5% (w/w) was chosen for Lewatit and Amberlite. 4 

 5 

Influence of the temperature 6 

Once proved that the enzyme immobilized in the different supports was able to catalyse 7 

the synthesis of the main components of the spermaceti separately, next step is to obtain 8 

an analogue of the natural product knows as spermaceti in a single process. With this 9 

objective, substrates were added in the appropriate concentrations according to 10 

bibliography17 (Table 2), and experiments were carried out with best biocatalyst 11 

concentration (1.25 % w/w for ECR 1090 M and ECR 8806 M immobilized derivative 12 

and 2.5 % w/w for Lewatit and Amberlite) at 60, 70 and 80 ºC, as solvent-free 13 

conditions restricts the lower temperature limit to the melting point of the reagents. 14 

Figure 3 shows spermaceti conversion versus time with the four immobilized 15 

derivatives for one hour of reaction time. All the lipase preparations obtained in the 16 

laboratory are able to reach high values of simultaneous spermaceti esters synthesis.  17 

Also, it should be noted that the increase in temperature favours the esterification 18 

process for all prepared biocatalysts, which, apparently, are not visible affected by 19 

thermal deactivation phenomena. In this way, for example for Amberlite (Figure 3B), 20 

the increase in temperature from 60 to 70 ºC supposes an increase of 10.5% in the 21 

conversion at 15 min, and of 12.4% between 70 and 80 ºC. This is due to the effect of 22 

temperature on the kinetic constant, the evaporation of the water generated during the 23 

synthesis and on the viscosity of the reaction medium, which would explain that the 24 

positive consequences of this parameter is especially evident for the smaller pore size 25 
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biocatalyst (Lewatit, Figure 3A). Although there have been described uses of 1 

immobilized CalB at higher temperatures,25 the results obtained were considered 2 

sufficiently satisfactory and temperatures higher than 80 ºC were not studied. 3 

Consequently, 70 °C was selected as the optimum temperature for the synthesis of 4 

spermaceti with each of the biocatalysts, since it represents a compromise between the 5 

requirements of a good reaction rate and a substantial reduction of the conditioning time 6 

of the substrates and energy requirement. 7 

 8 

Reusability of the immobilized lipases 9 

The reuse of Lipozyme® CALB L immobilized derivatives was carried out. In all the 10 

cases biocatalyst was recovered after one hour of reaction in optimal conditions, washed 11 

with n-hexane, air dried and reused until 15 times. Figure 4 depicts the results for the 12 

reuse of the four biocatalysts. Only Amberlite and ECR 8806 M derivatives were able to 13 

maintain their catalytic activity during the maximum number of 15 uses. These two 14 

biocatalysts have similar pore sizes but different support compositions (Table 1) 15 

polystyrene and methacrylate, which show that both polymers are suitable for preparing 16 

immobilization supports with a good useful life. However, paying attention to the 17 

results obtained with the other polystyrene resins (Lewatit and ECR 1090 M), ECR 18 

1090 M is the first that presents problems of operational stability specially for more 19 

than 3 uses, after that physical damage of the resin could be observed due to the stirring. 20 

ECR 1090 M only differs with Amberlite in polymer crosslinking degree that gives a 21 

different pore sizes, which point out that regardless of its composition, it is required that 22 

the structure and organization of the polymer that constitutes the support confer the 23 

necessary mechanical characteristics to fulfil its function during several reuses. 24 

 25 
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Lewatit biocatalyst broke easily and began to lose activity after the fifth reuse, even 1 

though its matrix consists of cross-linked polystyrene with a pore size lower than that of 2 

Amberlite. These results can only be due to differences in the crosslinking agent used in 3 

the preparation of the resins, which in the case of Amberlite is divinylbenzene while for 4 

Lewatit it is not specified by the suppliers. 5 

 6 

Process total direct cost  7 

Direct total cost (€ per 20 g product) for the reactions carried out under the optimal 8 

conditions, for the four biocatalysts, are shown in Table 7.  9 

 10 

Direct total cost is expressed for 20 g of spermaceti and not per gram of product because 11 

this has been the production scale used in this preliminary study. If we have chosen 12 

calculate the cost per gram of product, for any scale of production, this would be false 13 

since, as mentioned above, an increase in the scale would cause a decrease in production 14 

costs.1,7  15 

 16 

The costs are calculated as the sum of substrates, biocatalyst, heating, reactor and 17 

nitrogen costs. Notice that the biocatalysts cost has been estimated taking into account 18 

the optimum amount of biocatalyst in the reactor and the number of reuses for each 19 

immobilized lipase. Although reaction were done in the same conditions biocatalyst 20 

cost is different depending of the obtaining method (Table 6), besides as in general 21 

heating and nitrogen generator are the main costs in the reaction, the biocatalyst 22 

obtaining method does not influence a lot in the total direct cost. Amberlite and ECR 23 

8806 M biocatalysts were the cheaper immobilized derivatives mainly because its 24 

capacity of maintain their activity for 15 reuses, besides ECR 8806 M biocatalyst needs 25 
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half amount of enzyme than Amberlite (0.25 g versus 0.5 g) to complete the reaction 1 

until the same conversion value.  2 

The operating energy costs have been calculated from the unit prices shown in Table 3 3 

and taking into account reaction times needed to achieve a 98% conversion (77.5 min 4 

Lewatit, 57 min Amberlite, 68 min ECR 1090 and 60 min ECR 8806). 5 

 6 

Thus, direct total production costs for both immobilized derivates are similar (1.16 €/20 7 

g product) even when the total cost of immobilization was higher for ECR 8806 M than 8 

for Amberlite (1.93 versus 1.35 € per 20 g product). 9 

 10 

Once it has been proved that it is possible to obtain the mixture of cetyls esters with an 11 

in-lab immobilized derivative, the total cost have been compare with the cost obtained 12 

with commercial enzyme immobilized, Novozym® 435, enzyme that have proved their 13 

ability to catalyse this kind of reactions. In a previous study6 it has been calculated that 14 

the same reaction carried out with the commercial immobilized CalB was of 1.13 € to 15 

obtain 20 g of product.  16 

 17 

CONCLUSION 18 

It has been proved that the solvent-free biocatalytic synthesis of cetyl esters mixture 19 

similar to natural spermaceti using in-lab immobilized lipase derivatives is not only a 20 

green and sustainable process but also a worthwhile procedure able to compete with 21 

commercial enzymes available in the market. CalB lipase immobilized in 22 

Amberlite™ XAD™ 1180 and Purolite® Lifetech™ ECR 8806 M were able to catalyze 23 

the production of 20 g of spermaceti analogue for 1.16 € which is very similar to the 24 

cost (1.13 €) for producing the same amount of product with the well known 25 
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commercial lipase Novozym® 435. Both in-lab biocatalysts are a real alternative, with 1 

similar direct reaction costs, to commercial immobilized lipase. 2 

Scaling-up the process will eventually reduce the prices even more. In one hand, the 3 

possibility of immobilizing large amounts of enzyme will result in a reduction of the 4 

immobilization costs: supports, soluble enzyme and energy consumption will probably 5 

be much lower. In addition, synthesis reaction costs will also be considerably reduced 6 

when substrates are acquired in bulk, whose prices depending on the acquired quantity 7 

are significantly lower. 8 

 9 
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Table 1. Carriers properties employed for immobilization. 1 

Carrier Matrix 
Surface 

area  
(m² g-1) 

Pore 
diameter 

(Å) 

Particle 
size 

(µm) 

Humidity 
(%) 

Lewatit® VP OC 
1064 MD PH 

polystyrene 800 50 – 100 440 – 540 50 – 60 

Amberlite™ 
XAD™ 1180 

polystyrene/ 
DVB 

≥450 300 530 61 – 67 

Purolite® Lifetech
™ ECR 1090 M 

polystyrene/ 
DVB 

>750 900 – 1100 300 – 710 67 – 73 

Purolite® Lifetech
™ ECR 8806 M 

octadecyl 
methacrylate 

>80 500 – 700 300 – 710 58 – 63 

 2 

  3 
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Table 2. Fatty acids and cetyl alcohol amounts used in alone cetyl esters synthesis 1 

(molar ratio 1:1) and in spermaceti analogue synthesis (according to its natural 2 

proportions).17 Total reaction mixtures of 20 g. 3 

Synthesised 
compound 

Substrates amount (g) 

Lauric 
acid 

Myristic acid 
Palmitic 

acid 
Stearic 

acid 
Cetyl 

alcohol 

Cetyl 
laurate 

9.05 - - - 10.95 

Cetyl 
myristate 

- 9.70 - - 10.30 

Cetyl 
Palmitate 

- - 10.28 - 9.72 

Cetyl 
Stearate 

- - - 10.80 9.20 

Spermaceti 1.51 3.73 3.84 0.81 10.11 

 4 

  5 
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Table 3. Enzyme, carriers, substrates and chemicals market prices and equipments 1 

energy costs. 2 

Substrates and Reagents Cost 

Lipozyme® CALB L 96 € L-1 

Lewatit VP OC 1064 MDP pH 254 € kg-1 

Amberlite XAD 1180 202 € kg-1 

Purolite ECR 1090 M 572 € kg-1 

Purolite ECR 8806 572 € kg-1 

Cetyl alcohol 41.7 € kg-1 

Lauric acid 34.2 € kg-1 

Myristic acid 37.4 € kg-1 

Palmitic acid 42 € kg-1 

Stearic acid 42 € kg-1 

Monosodium phosphate buffer 81.2 € kg-1 

Disodium phosphate buffer 75.6 € kg-1 

Ethanol 22.4 € L-1 

Equipment Cost (€ min-1) 

Orbital shaker 0.1 × 10-3 

Peristaltic pump 0.02 × 10-3 

Cryostat 
Initial: 1.2 × 10-3  

Maintenance:1.6 × 10-3 

Fridge 6.9 × 10-5 

Reactor stirrer (Parr A1120HC) 
Reactor controller (Parr 4875) 

Vacuum pump (KNF N816.3KN18) 
0.2 × 10-3 

N2 generator 
(Parker 3848 NitroFlow Lab) 

 
Initial generation  

and maintenance: 3.4 × 10-3 

Reactor’s heated circulating bath 
(PolyScience) 

Initial (10 min): 6.5 × 10-3  
Maintenance:1.8 × 10-3 

 3 
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Table 4. Coupling parameters for Candida antarctica lipase (Lipozyme® CALB L) immobilization by physical adsorption on different supports. 

The results are the mean of three measurements and include error bars (± standard deviation). 

Carrier Wet support (g) 
Protein offered 

(mg Lowry 
protein) 

Dry immobilized 
derivative (g) 

Immobilization yield 
(%) 

Protein loading 
(mg protein 

(g dry derivative)-1) 

Lewatit® VP OC 
1064 MD PH 

10 696.50 ± 46.10 4.79 49.60 ± 4.30 71.80 ± 3.20 

Amberlite™ 
XAD™ 1180 

10 717.20 ± 14.60 4.47 71.90 ± 1.10 115.90 ± 7.00 

Purolite® Lifetec
h™ 

ECR 1090 M 
10 669.30 ± 47.50 3.95 72.50 ± 3.10 122.90 ± 8.10 

Purolite® Lifetec
h™ 

ECR 8806 M 
10 614.40 ± 6.70 5.06 69.40 ± 2.00 84.20 ± 2.10 
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Table 5. Global results of Lipozyme® CALB L leakage.  

Carrier 

AV (mg KOH g-1) 

Initial Final 

Lewatit® VP OC  
1064 MD PH 

135.19 ± 0.51 134.32 ± 1.83 

Amberlite™  
XAD™ 1180 

136.98 ± 1.12 137.84 ± 0.67 

Purolite® Lifetech™  
ECR 1090 M 

144.53 ± 3.38 143.15 ± 2.66 

Purolite® Lifetech™  
ECR 8806 M 

136.47 ± 2.24 134.53 ± 1.34 
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ºTable 6. Immobilization direct costs calculated for 10 g of wet support. Last row are total direct cost of the immobilized derivative. 

 

Immobilization using a cryostat Immobilization in a cool room 

Lewatit Amberlite 
ECR 

1090 M 
ECR 

8806 M 
Lewatit Amberlite 

ECR 
1090 M 

ECR 
8806 M 

Support (€) 2.54 2.02 5.72 5.72 2.54 2.02 5.72 5.72 

Enzyme (€) 2.40 2.40 

Ethanol (€) 0.44 0.44 

Buffer (€) 0.22 0.22 

Activation energy cost (€) 7.2 × 10-2 7.2 × 10-2 

Cryostat  
(€) 

0.88 - 

Peristaltic pump (€) 0.01 - 

Cool room (€) - 0.20 

     
 

   

Total cost  
(€/g dry immobilized derivative) 

*Taking into account the obtained g after the drying process 

1.37 1.35 2.47 1.93 1.23 1.20 2.29 1.79 
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Table 7. Spermaceti analogue direct production costs calculated for 20 g of product. 

 

Biocatalyst immobilized using a cryostat Biocatalyst immobilized in a cool room 

Lewatit Amberlite 
ECR 1090 

M 
ECR 8806 

M 
Lewatit Amberlite 

ECR 1090 
M 

ECR 8806 
M 

Substrates (€) 0.82 0.82 

Biocatalyst (€) 0.14 4.5× 10-2 0.21 3.2× 10-2 0.12 4.0× 10-2 0.19 2.9× 10-2 

Heating (€) 0.21 0.17 0.19 0.17 0.21 0.17 0.19 0.17 

Stirrer, controller reactor  
and vacuum pump (€) 

1.6× 10-

2 
1.1× 10-2 1.4× 10-2 1.2× 10-2 

1.6× 10-

2 
1.1× 10-2 1.4× 10-2 1.2× 10-2 

N2 (€) 0.17 0.12 0.12 0.12 0.17 0.12 0.12 0.12 

 
    

 
   

Total cost  
(€ (20 g spermaceti analogue)-1) 

1.35 1.16 1.35 1.16 1.33 1.16 1.33 1.16 
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Figure captions 

Figure 1. Storage stability. Conversion of cetyl myristate with time (1:1 molar ratio) in 

high performance reactor with 0.25 g of each derivative in different supports: (♦) 

Lewatit, ( ) Amberlite, (■) ECR 1090M, ( ) ECR 8806 M. 21.3 kPa, 54 L h-1 N2, 

350 rpm, 20 g of substrates, 70 ºC. 

Figure 2. Conversion values for cetyl laureate (CL), cetyl myristate (CM), cetyl 

palmitate (CP) and cetyl stearate (CS) after one hour of reaction at different 

concentrations of immobilized derivative (0.625-5 %). (A) Lewatit, (B) Amberlite, (C) 

ECR 1090 M, (D) ECR8806 M. 21.3 kPa, 54 L h-1 N2, 350 rpm, 20 g of substrates, 70 

ºC. 

Figure 3. Conversion values of spermaceti analogue with time at different temperatures: 

(●) 60 ºC, ( ) 70 ºC and (■) 80 ºC and different supports: (A) Lewatit, (B) Amberlite, 

(C) ECR 1090 M, (D) ECR8806 M. 21.3 kPa, 54 L h-1 N2, 350 rpm, 20 g of substrates 

and 1.25 % w/w for ECR 1090 M and ECR 8806 M immobilized derivative (C&D) and 

2.5 % w/w for Lewatit and Amberlite (A&B). 

Figure 4. Espermaceti conversion values achieved during reuse study of biocatalyst 

after 60 minutes reaction under the optimal operating conditions: 21.3 kPa, 54 L h-1 N2, 

350 rpm, 70 ºC 20 g of substrates, 70 ºC. (■) Lewatit, (■) Amberlite, (■) ECR 1090 M, 

(□) ECR 8806 M 
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