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ABSTRACT: 

 Partial esters of polyols such as glycerol, polyglycerols and sorbitol are non-

ionic surfactants used as emulsifiers in the food, detergents and cosmetics industries. 

The commercial large-scale production of these chemicals relies on traditional 

homogeneous catalysis processes making use of strong mineral acids or alkalis. This 

technology possesses severe drawbacks, related to the generation of large amounts of 

by-products, high energy demand, and heterogeneity of the ester mixtures obtained. The 

development of new processes based on more selective solid catalyst has therefore a 

great economical interest. This contribution reviews the scientific and technical 

literature in this field. It is proposed that solid catalysts based on MCM-41 and other 

mesostructures could give rise to the development of new, more efficient processes for 

the large-scale synthesis of fatty acid esters of polyols.  
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1. Introduction 

There is an increasing trend in the chemical industry to introduce new processes 

that should meet requirements such as generation of nearly zero waste chemicals, 

reduced energy input and use, whenever it is possible, of raw materials derived from 

non fossil primary sources. Besides, a higher efficiency is generally required, in terms 

of optimum transformation of the feedstocks into the desired product. Many of these 

requirements challenge conventional processes based upon old technology, and act 

therefore as a strong driving force for innovation, which includes the use of 

heterogeneous catalysts. 

Despite the enormous impact that solid catalysts have on the production of 

chemicals, ranging from large scale refining and petrochemical processes to fine and 

specialty compounds, their potential is far from being fully developed in some key areas 

of the chemical industry. A notorious example of the prevalence of aged technology 

based on homogeneous catalysts is provided by the commercial production of fatty acid 

esters of polyols. Among them, those of glycerol, polyglycerols and sorbitol will be 

most relevant to this review.  

Fatty acid esters of these polyols, particularly those of glycerol (about 80% of 

the total), are widely used as emulsifiers in a large variety of applications, particularly in 

food processing. The hydrophobic acyl group of the ester is formed by a hydrocarbon 

chain containing from 10 to 20 carbon atoms, whereas the polar “head” of the surfactant 

is formed by hydroxyl groups, the number of which varies from 2 for monoglycerides, 

to around 5 for some polyglycerol esters. 

The emulsifying properties of the esters are basically dependent upon their 

hydrophilic-lipophilic balance, best known as HLB [1]. According to Griffin’s scale, the 
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higher the HLB value, the greater the hydrophilicity of the surfactant. A large range of 

HLB values can be covered by proper combination of the number and nature of the 

hydrophobic hydrocarbon “tail” and the number of free hydroxyl groups contained in 

the polar “head” of the ester. Therefore, it is possible to select specific surfactants for 

targeted applications as a function of their HLB values. For practical purposes, and due 

to the strong hydrophobic character of the fatty acyl group, esters containing an 

OH/fatty chain ratio equal or higher than two are in general best preferred as 

emulsifiers. Thus, in the case of glycerol, only the monoesters are good emulsifying 

agents. The same applies to sorbitol, despite this polyol contains six hydroxyl groups. 

This is so because, due to its low thermal stability, sorbitol experiences anhydrization at 

the temperature at which commercial esterification is currently carried out (about 150ºC 

or higher). Under these conditions, sorbitol transforms into a mixture of inner ethers, 

sorbitans and sorbides, which possess 4 and 2 free hydroxyl groups, respectively. 

Therefore, only the so-called “sorbitan monoesters” exhibit suitable emulsifying 

properties.   

  Details on polyglycerol chemistry will be given below, but it suffices to say here 

that the number of hydroxyl groups is given by n + 2, being n the number of glycerol 

units making the polyglycerol molecule. For lower polyglycerols, monoesters are 

preferred, whereas diesters and eventually even triesters of polyglycerols of high 

molecular weight could still have good emulsifying properties.  

 Figure 1 displays the evolution of the number of publications on 

monoglycerides, polyglycerol esters and sorbitol monoesters, covering application, 

synthesis and processing, both in journals and patents. Noticeable differences in 

scientific and technological activities among the three groups of esters are observed. 

Significant research effort in monoglyceride chemistry started in the thirties of the last 
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century, increasing steadily since then. A relatively large number of journal publications 

have been continuously released, although the relative number compared to patents 

started to decrease in recent years. Research on fatty esters of polyglycerol showed a 

significant level in the sixties and seventies, but it started to grow in the early eighties at 

a much faster rate than that of monoglycerides. It is remarkable that this intense 

research activity has given rise to a large number of patents, while very few 

contributions in this field have been published in scientific journals. The 

scientific/technological activities concerning sorbitol esters have grown at much lower 

rate that those of the two other polyol esters, and very few journal reports have been 

published so far on sorbitol monoesters. This fact might reflect the relative commercial 

impact of these esters. 

 The statistics of Figure 1 clearly show strong and increasing innovation activities 

on polyglycerol esters, which nevertheless remain virtually unexplored outside the 

industrial R + D departments. An analysis of the nationalities of the patent applicants 

(Fig 1b, inset) reveals the leadership of Japanese companies, particularly in the 

expanding polyglycerol esters market.  

 The commercial synthesis of the fatty acid esters of polyols is carried out 

basically by two different procedures: direct esterification of the polyol, usually 

catalysed by a homogeneous acid, such as sulfuric and sulfonic acids, or 

transesterification of triglycerides and polyols, catalysed by alkaline hydroxides like 

NaOH, KOH, Ca(OH)2, or the sodium salts of lower aliphatic alcohols, like methanol. It 

can be estimated that approximately 80% of the manufacturing processes belong to the 

first pathway. 

 The fatty acids and the glycerol are obtained basically by splitting of fats and 

vegetable oils with water at high temperature [2]. Sorbitol is also derived from non-
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fossil sources, as it is obtained by catalytic hydrogenation of glucose, being starch the 

basic commercial source of this sugar. Therefore, a variety of abundant raw materials 

resulting from agriculture activities are readily available for the synthesis of the polyol 

esters described in this work. 

 Here we provide an overview of the synthesis procedures of these polyol esters 

and discuss the potential that exists for developing new, more efficient synthesis 

processes based on solid catalysts. Enzyme catalysed synthesis of polyol esters is not 

covered by this review. An intense research effort is being carried out on the use of 

lipases to synthesise esters of glycerol, sorbitol and sugars [3-6] and even polyglycerol 

[7,8]. These studies show that enzymes have an enormous potential as catalysts in those 

processes in which high regioselectivity is required. However, for large-scale synthesis 

of the more common surfactants, these processes are not yet competitive due to the high 

cost of enzymes and their low productivity. 

 

2. Monoglycerides. 

 The product of the direct esterification or transesterification of glycerol is a 

mixture of mono- di- and some triglyceride, and dissolved glycerol, which typically 

contains 40-60% monoglyceride and 35-45% diglyceride. Most of the fatty 

monoglycerides are obtained by transesterification of triglycerides, either from 

vegetable or animal sources, and glycerol. The basic characteristics of the process have 

been comprehensively reviewed [9]. Scheme 1 describes the overall simplified chemical 

equation for glycerolysis of fats and oils. 

 The actual transesterification process is more complex than that described by 

Scheme 1, in such a way that di- and even triester are simultaneously obtained. Typical 

composition of the esters blends has been given above. Besides, Scheme 1 does not 
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reflect the formation of the 2-acyl or β-monoglyceride, which proportion remains below 

10% at low temperature, but increases with the reaction temperature.  

 The basic catalysts used in the process, generally KOH and Ca(OH)2, are 

neutralised with phosphoric acid after the reaction, and the formed salts removed. 

Therefore, undesired waste chemicals are obtained. The use of solid catalysts suitable 

for regeneration would obviously avoid these drawbacks. However, this is not the only 

driving force to modify the classical process. The glycerolysis reaction requires a high 

temperature, in order to increase the solubility of glycerol in the fat phase. An additional 

energy-consuming step is needed to separate the monoglyceride from the crude reaction 

product by vacuum molecular distillation, in order to obtain the monoester with a purity 

of 90% at least. Therefore, the key aspect of the process is the low selectivity to the 

monoglyceride. It must be stressed that direct esterification of the glycerol with a fatty 

acid, by using homogeneous acid catalysts, does not improve the monoglyceride 

selectivity. 

 These considerations have led to explore alternative synthesis routes that involve 

in most cases a change of the nature of the catalyst and the chemical feedstocks. The use 

of inorganic solid catalysts will now be discussed. 

  

2.1. Base catalysis. 

Solid basic materials such as MgO, Al-Mg hydrotalcites as well as Cs-

exchanged sepiolite and mesoporous MCM-41 have been used as catalysts for the 

glycerol transesterification with triglycerides [10]. MgO and Al-poor hydrotalcites 

(Al/(Al+Mg) = 0.20) behave as active catalysts for triolein glycerolysis, but a 

glycerol/fat molar ratio of as high as 12 is required to obtain a monoglyceride yield of 

70% at 97% conversion (MgO catalysts at 513 K). The large excess of glycerol requires 
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an increase of the reactor capacity of over 60%, compared to stoichiometric reaction 

mixtures, and increases the thermal demand by a factor of nearly 2. This example 

illustrates the negative influence of the low solubility of the hydrophilic glycerol in the 

fat phase. The use of organic solvents would have benefits on the overall reaction but, 

for safety reasons, it is avoided when producing monoglycerides to be used as food 

additives. 

Other esters have been used for glycerol transesterification. Metal oxides like 

MgO, CeO2, La2O3 and ZnO have been used as solid base catalysts for the 

transesterification of glycerol with stoichiometric amounts of methyl stearate [11] in the 

absence of solvent. The catalysts are active, but the selectivity to mono-, di- and 

triesters is similar to that obtained by using homogeneous basic catalysts (40% 

monoester at 80% conversion).  

 

2.2. Acid catalysis. 

 A variety of solid acids have been used to catalyse the esterification of glycerol 

with fatty acids. Zeolite materials meet, in principle, the basic requirements for 

successful replacement of homogeneous acids, as they possess sufficient acid strength. 

Indeed, they have been used for the esterification of monoalcohols with low molecular 

weight carboxylic acids [12]. When applied to glycerol esterification with fatty acids, 

the relatively small pore aperture of zeolite materials would have the potential to reduce 

the formation of the bulky di- and triesters, increasing therefore the selectivity to 

monoglycerides. Table 1 summarises the most relevant results reported by using zeolite 

catalysts for the esterification of glycerol with lauric and oleic acids. 

Large-pore tridirectional 12-membered-ring structures, like faujasite and Beta, 

are more active and selective than 10-membered-ring structures, like ZSM-5, or 
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unidirectional 12-MR materials like mordenite [13-18]. Influence of the aluminum 

content of the framework has been reported for faujasite [14] and Beta [18]. For both 

structures, the conversion and monoglyceride selectivity increase with the Si/Al ratio, 

and a maximum is observed at Si/Al ratios in the range 35-40. Absence of crystal size 

effect for dealuminated faujasite (Si/Al = 14) in the range ∼ 0.3 – 3.5 μm has been taken 

as a proof that the esterification with lauric acid takes place inside the intracrystalline 

voids of the zeolite [16]. In this way, transition state selectivity inside the supercages 

suppresses the consecutive esterification of the monoglycerides to bulkier glycerides. A 

similar effect would explain the high selectivity of zeolite Beta. However, as di- and 

even traces of triglycerides are readily observed even at conversion higher than 10%, a 

significant contribution of the external surface to the overall reaction can not be totally 

excluded. Indeed, both the activity and the selectivity with oleic acid are much lower 

(Table 1), which suggests a severe pore size limitation to the reaction rate. 

In order to avoid the pore size constraints of the zeolite materials on the reaction, 

cross-linked porous polymers, like ion-exchange resins containing sulfonic acid groups, 

have been used as catalysts for the esterification of glycerol with fatty acids [19]. It has 

been observed that gel resins, like Amberlyst, are more active than macroporous resins, 

due to their swelling capacity. Both the activity and selectivity show a strong 

dependency on the glycerol/fatty acid ratio (R), as well as on the chain length of the 

fatty acid. The reaction is faster with lauric acid than with oleic acid. For lauric acid, 

using Amberlyst 31 as catalyst, the activity decreases with R, but the monolaurate 

selectivity increases up to R = 3. For R = 6 and 140ºC, the selectivity to monolaurate is 

83% at 65% conversion. The selectivity for oleic acid at the same conversion level is 

lower. However, the selectivity is higher than that obtained with zeolite materials. No 

information on catalyst regeneration is provided in these works.  
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2.3. Acidic mesoporous materials. 

The benefits of the swelling of the ion-exchange resins on the overall catalyst 

performance in glycerol esterification evidence the positive influence of increasing the 

accessibility of the reagents to the active centres. Therefore, the family of the ordered 

mesoporous materials appears as a very interesting alternative for the development of 

solid catalysts, as it offers the possibility to overcome the pore size limitation 

characteristic of zeolite materials. The pore size of these materials is typically 

comprised in the range 2-10 nm, and several structures possessing different pore 

dimensions and channel and voids architecture are available. Unfortunately, the strength 

of the acid sites present in conventional MCM-41 materials is low [20] and 

consequently their activity and monoglycerides selectivity are low [14].  

As the sulfonic acid groups present in the ion-exchange resins are very active in 

catalysing the esterification reaction, they have been attached to pure silica mesoporous 

frameworks in order to obtain mesoporous catalysts. The behaviour of mesoporous 

materials containing R-SO3H groups in the esterification of glycerol with fatty acids has 

been reviewed recently [21], and some of the most relevant aspects are briefly 

commented here. MCM-41 materials containing propylsulfonic acid groups have been 

reported to catalyse selectively the esterification of glycerol with lauric acid for 

equimolar amounts of both reagents, and in the absence of solvent. A monolaurin yield 

of 53% was obtained, whereas for oleic acid the monoglyceride yield dropped to 31% 

[22]. Following this pioneering work, further improvement of the SO3H-containing 

MCM-41 catalysts prepared by a one-pot synthesis procedure was obtained through the 

optimisation of the pore arrangement by using mixtures of surfactants having different 

chain length [23], as well as mixtures of n-dodecylamine and 
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hexadecyltrimethylammonium cations in the synthesis gel [24]. While these 

modifications increase the activity and monoglyceride yield of the reaction, a major 

improvement in catalyst efficiency results by tuning the hydrophilic/lipophilic balance 

of the catalyst surface [25]. The anchoring of hydrocarbon moieties like methyl and 

propyl groups decreases substantially the strong affinity of the catalyst to hydrophilic 

molecules, like water and glycerol. As a consequence, the monolaurin yield raises to 

66%, while that of monoolein is close to 50% [26]. The catalysts can be reused, 

although they show a small loss of activity [23]. Sulfur leaching is small. After 8 h at 

100ºC, the S content in the reaction mixture is lower than 80 ppm, although it increases 

with the temperature and reaction time.  

Organosulfonic groups other than propylsulfonic have been also attached to the 

MCM-41 surface by one-pot synthesis procedures. For example, the intrinsic activity of 

the phenylsulfonic acid-containing material is higher than that with propylsulfonic acid, 

although the selectivity is lower [27].  

MCM-41 catalysts have been also prepared from gels containing 3-

mercaptopropyl(methyl)dimethoxysilane. The presence of a methyl group attached to 

the silicon atom bonded to the propylsulfonic moiety increases substantially both the 

activity and selectivity. At 50% conversion, the selectivities to monolaurin and 

monoolein were 77% and 65%, respectively [28]. 

More recent results evidence the influence of the n-alkyl chain length of the 

organosulfonic acid moiety in glycerol esterification [29]. Catalysts obtained by 

sulfonation of MCM-41 materials containing vinyl groups exhibit better activity and 

selectivity than propylsulfonic acid-containing materials. 

The influence of the pore size of functionalised MCM-41 catalysts containing 

sulfonic acid groups has not yet been properly addressed. Catalysts having lower 
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activity and selectivity are achieved by replacing methyl groups by propyl groups in 

catalysts containing both n-alkyl and propylsulfonic moieties [26]. When performing 

studies on the influence of pore size in functionalised materials, it has to be remarked 

that the effective pore size varies with the S-loading and with the size of the functional 

group [30]. 

Comparison of the results obtained from lauric and oleic acids suggests that the 

optimum pore size for the reaction varies according to the chain length of the fatty acid 

[26]. Indeed, it has been shown recently that the selectivity to glycerol monostearate of 

MCM-41 functionalised materials having a S-loading of 0.3 meq·g-1 decreases from 

47% to 40% at 50% acid conversion, as the pore size increases from 2.6 to 3.7 nm [31]. 

A further decrease of the pore size to 2.0 nm does not change the selectivity, but 

decreases the turnover values by 80%. These results suggest that there is a noticeable 

contribution of the external surface to the overall reaction for small pore materials.  

Mesopore structures other than MCM-41 have been explored as catalysts for 

glycerol esterification. SBA-15, which possesses unidirectional channels arranged in 

hexagonal symmetry and interconnected by micropores, has been functionalised with 

propylsulfonic acid groups (0.78 meq·g-1). Its specific activity (TON) and monoolein 

selectivity are lower than that of MCM-41 catalysts, which has been attributed to both 

the presence of non accessible micropores, and to the large mesopore size, reaching 3.2 

nm [32]. SBA-12, a structure with interconnected spherical cavities in a cubic-close 

packing [33], and SBA-2, an intergrowth of hexagonal and cubic mesostructures, both 

of which contain a complex set of narrow channels that interconnect the large cavities, 

show low activity and selectivity [32,34]. Therefore, none of these complex structures 

afford better catalysts than conventional MCM-41. 
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2.4. Basic MCM-41 catalysts. 

Despite the improvement in monoglyceride selectivity achieved by using 

mesoporous acid catalysts, a monoglyceride yield of 90%, that would be needed in 

order to avoid the costly molecular distillation of the ester mixtures, has not yet been 

reached. 

Nucleophilic ring opening of glycidol with fatty acids (Scheme 2) has been 

explored as a selective and convenient route toward nearly pure monoglycerides [35]. 

To accomplish this purpose, MCM-41 all-silica materials have been functionalised by 

grafting R-propyl moieties, where R stands for NH2 and a variety of cyclic secondary 

amines. In this synthesis route, capping of the residual silanol groups with trimethylsilyl 

groups, for example, is required to prevent glycidol polymerisation. However, reused 

catalysts also show improved activity, due to the grafting of the residual silanol groups 

with glycerol molecules during the first run. Catalysts containing tertiary and hindered 

amines are more efficient than those having primary amines, owing to steric effects 

[36]. Indeed, the activity correlates approximately with the base strength of the organic 

base. Following this procedure, monolaurate yields of 90% have been reported. This 

synthesis route would be attractive for monoglyceride production, were it not for two 

reasons: 1) the glycidol is much more expensive than glycerol, the price of which goes 

down as its production increases due to the increasing use of biodiesel, and 2) toluene is 

used as solvent in the addition reaction of glycidol to fatty acid. Both factors make this 

route unattractive for commercial monoglyceride production.  

 

3. Polyglycerol esters. 

As it has been described above, the emulsifying properties of the polyglycerol 

esters (PGE) depend basically upon the length of the polyglycerol chain, the degree of 
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esterification and the molecular weight of the fatty acid. Indeed, the preparation of PGE 

suitable as additives in foodstuffs is a process much more complex than that of 

monoglycerides, and in general involves two different steps: 1) polymerisation of 

glycerol in the presence of a small amount of alkali (base catalysis), and 2) esterification 

of the resulting polyglycerol. Scheme 3 offers an overview of the process. 

 

3.1. Polyglycerol synthesis. 

Glycerol polymerisation is carried out at a temperature above 200ºC under 

alkaline conditions. The condensation reaction involves the terminal hydroxyl groups of 

glycerol molecules, as they are more reactive than the 2-hydroxy group. However, some 

ramified and even cyclic by-products are always formed. Carbon dioxide or nitrogen is 

bubbled through the reaction mixture to prevent dehydration of glycerol to undesired 

acrolein. Several bases have been tested as catalysts, including hydroxides, carbonates 

and oxides of several metals [37]. It has been found that the carbonates are more active 

than hydroxides, despite the weaker base character of the former. This has been 

attributed to the better solubility of carbonates in the glycerol and in the polymeric 

product at elevated temperatures. Oxides like MgO, CaO and ZnO are less active 

because of lack of solubility. 

The polymerisation reaction proceeds by chance under homogeneous conditions 

and therefore a mixture of products with different molecular size is obtained [38-44]. 

Low amount of catalyst (< 1 mol%) and relatively short reaction time are required to 

exert some control on the polymerisation degree, in order to favour a mixture of 

products having, as average, low mean polymerisation degree. Product distribution of 

polyol is important, as the polyglycerol moiety of the ester should meet some 

specifications to be used as food additive. According to EC regulations, the content of 
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di-, tri- and tetraglycerol should predominate, whereas the content of polyglycerols 

equal to or higher than heptaglycerol must be low [45]. FDA regulations allow the use 

of polyglycerols up to and including decaglycerol [46]. 

The alkaline polymerisation of glycidol affords a more selective process, 

provided that a strict control of the reaction parameters is exerted [47]. As an example, 

linear octaglycerol has been prepared from glycidol by using KOH as catalyst, at a 

reaction temperature of ca. 120ºC [48]. The secondary hydroxyl content was 72% 

(theoretical maximum = 80%). In contrast, the octaglycerol obtained by conventional 

glycerol condensation at 230-250ºC, using NaOH as catalyst, contained 41% secondary 

hydroxyls, due to the presence of residual glycerol and oligomers of lower molecular 

weight. Besides, the condensation reaction of glycerol and glycidol catalysed by acids 

has been claimed to render polyglycerols of high polymerisation degree with low colour 

values [49-51]. 

Porous solid catalysts could exert some shape-selective effect on the course of 

the polymerisation reaction. Nevertheless, reports on such catalysts are extremely 

scarce. Zeolites NaX and NaA have been used as catalysts for the selective production 

of diglycerol [52]. Cs-exchanged zeolite X shows high selectivity to di- (62%) and 

triglycerol (33%), at 70% conversion, while only a 4% of tetraglycerol is obtained 

[53,54]. On the other hand, medium pore Cs-containing zeolites like ZSM-5 are less 

active and selective. 

The influence of pore size on the polymerisation reaction is evidenced by the use 

of basic MCM-41 catalysts [55]. The Cs-impregnated material affords the best results, 

whereas Mg and La-containing catalysts favoured glycerol dehydration and the 

formation of acrolein. As an example, for a conversion of 80%, the selectivity to di- + 

triglycerol (di-/triglycerol > 1) is close to 90%. However, a severe leaching of Cs is 
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observed, and a decrease of the Cs loading of the catalysts between 95% and 70% has 

been reported. Indeed, no X-ray diffraction peak at low angle is observed for Cs loading 

equal or higher than 18.6·10-4 eq. g –1 . Despite the severe Cs leaching, the catalysts still 

show a remarkable high selectivity to di- + triglycerol. 

These results are promising, but nevertheless the selectivity of these mesoporous 

catalysts approaches that of Cs-exchanged faujasite X. They also evidence that there is 

much need for investigation into reusable, shape-selective catalysts for controlled 

glycerol polymerisation.  

 

3.2. Esterification of polyglycerols. 

 The esterification of polyglycerols leads to mixtures with a broad range of 

different compounds, owing to the large number of hydroxyl groups and the intrinsic 

complexity of the commercially available polyglycerols mixtures. The hydrophilic-

lipophilic properties of the esters, expressed by means of the HLB concept [1], are a 

function of the molecular weight of the esterified fatty acid, the degree of esterification 

of hydroxyl groups and the number of glycerol units forming the polyglycerol 

backbone. As an example, Figure 2 shows the range of HLB values of triglycerol esters 

as a function of the carboxylic acid chain length and the degree of esterification. It can 

be concluded that a decrease of the molecular weight of the fatty acid results in an 

increase in the hydrophilic nature of the ester (the HLB value increases). On the other 

hand, an increase in the number of fatty acid moieties that react with the polyol 

molecule will result in a more lipophilic product. For a given fatty acid and 

esterification degree, the hydrophilic character increases with the molecular weight of 

the polyglycerol (higher hydroxyl/fatty acid ratio). This is depicted in Figure 3 for 

stearic acid esters of several polyglycerols. As shown in Figure 3, an HLB range from 
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about 3 to 8 can be covered by different polyesters of tri- to decaglycerol, but 

monoesters of high molecular weight polyols are required to get highly hydrophilic 

compounds (HLB ≥ 12). 

 Figure 3 underlines the strong impact that the chemical composition of the 

polyglycerol has on the emulsifying properties of the esters resulting from the 

esterification process. A narrow distribution of the molecular weight of polyglycerols 

would be needed in order to obtain products having well-defined HLB values. 

 The processes for manufacturing PGE are summarised in Scheme 4. The esters 

are most simply made by direct esterification of the polyol with a free organic acid. The 

reaction can proceed at T > 200ºC without using a catalyst [37,56-58], or at T < 200ºC 

by using either alkali [37,56,59-65] or acid catalysts [40,56,66-68]. The reaction can 

also be carried out by transesterification of a polyol with a triglyceride or a fatty acid 

alkyl ester (methyl ester usually), generally in the presence of a suitable alkaline catalyst 

[40,42-44,69]. Furthermore, it has been reported that partial esters of polyglycerol can 

be obtained by acid catalysed polycondensation of monoglyceride or monoglyceride and 

glycerol [70,71]. Finally, the addition polymerisation of glycidol to a fatty acid or to a 

fatty acid monoglyceride catalysed by acids also renders polyglycerol esters [72-77]. 

These reactions must be carried out under an inert atmosphere to obtain good colour and 

organoleptic properties. Some examples describe the use of moderate vacuum as well. 

 In the commercial manufacture of partial esters, the reaction will give a mixture 

in which the fatty acid radicals are distributed among all available hydroxyl groups, 

whose proportions are dictated basically by the thermodynamic constraints of the 

reaction, namely temperature and molar ratio of the reagents. As an example, the 

product obtained by reacting equimolar quantities of triglycerol and stearic acid 

contains 41 wt% and 31 wt% of mono- and distearate, respectively [41]. As a 
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consequence, the HLB value of the product is lower than that of the pure monoester. To 

approach the theoretical HLB values of the monoesters, a large excess of polyglycerol is 

required. 

Due to the inherent complexity of the esters mixtures that are obtained by these 

methods, in most of the publications these mixtures are characterised in terms of their 

saponification and OH values. These numbers are related to the mean polyglycerol 

chain length and the average number of hydroxyl groups esterified, but do not provide 

information on the distribution of products. To illustrate this, in Figure 4 the 

saponification numbers have been plotted versus their corresponding hydroxyl numbers 

for a series of oleic acid esters of polyglycerols. Figure 4 shows that many different 

mixtures of esters can exhibit a given couple of saponification and hydroxyl values, and 

that, especially in the region of lower values, these mixtures could contain a very large 

number of esters with different esterification degree and polyglycerol chain length. 

In Table 2 we have collected some representative examples on the manufacture 

of PGE, selected among those reported both in journal and patent literature that provide 

a more detailed composition of the ester mixture. 

 Several procedures have been reported to increase significantly the monoester 

yield. The transesterification between polyglycerols and methyl esters of fatty acid has 

been successfully achieved by using an emulsion medium, in the presence of alkaline 

catalysts (NaOH) [69]. Anionic emulsifiers, Na-stearate particularly, are very effective 

in promoting the reaction between tetraglycerol and methyl stearate. For a molar ratio of 

polyol/acid = 2, a selectivity to the monoester of 98% at 100% conversion has been 

reported by using 10 wt% (of the oil phase) of Na-stearate as emulsifier agent. 

 The reaction between glycidol and a fatty acid or fatty monoglyceride has also 

been claimed to produce a high yield of polyglycerol monoester [73]. The reaction is 
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carried out at temperatures around 150ºC, in the presence of phosphoric acid as catalyst 

(< 0.5 wt%), and the glycidol is slowly added to the mixture of fatty acid and catalyst. 

Products containing more than 70% of the monoester are obtained using different 

glycidol/fatty acid ratios. However, there is no indication on the polyglycerol chain 

length distribution. Earlier reports on this same reaction use Lewis acids, like BF3 and 

SnCl4, as catalysts [77].  

 To our knowledge, the use of porous, zeolite-like materials as catalysts for the 

esterification of polyglycerols has not yet been reported. This is not surprising, owing to 

the low performance of these materials in the selective esterification of the smaller 

glycerol molecule. However, new opportunities for shape-selective catalysis would be 

offered by the new generation of mesoporous materials, as their functionalisation with 

appropriate acid or base organic moieties would probably afford active and selective 

catalysts, as it has been outlined above for glycerol esterification.  

 

4. Sorbitol monoesters 

The sorbitol molecule (a hexitol) contains six hydroxyl groups able to be 

esterified with carboxylic acids. However, this molecule dehydrates partially at 

moderate temperature, forming as main products the hexitans (mainly 1,4-sorbitan and 

minor amounts of 2,5-sorbitan), which contain four hydroxyl groups, and hexides 

(mainly isosorbide), which contain two hydroxyl groups only (Scheme 5). Therefore, 

the result of the esterification process of sorbitol with fatty acyl groups is a complex 

mixture of different compounds, whose nature and relative proportions are governed by 

the specific reaction conditions. As a consequence, the HLB value of the esterification 

product is also strongly affected by the conditions prevailing in the esterification 

process. 
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Sorbitan fatty acid esters can be produced by direct, base- or acid-catalysed 

reaction of sorbitol with fatty acids at elevated temperature, or by transesterification of 

sorbitol with triglycerides or fatty acid methyl esters catalysed by basic compounds [78-

87]. Homogeneous catalysts, either acids (p-toluenesulfonic acid, sulfuric acid, 

phosphoric acid) or alkalis (NaOH, KOH, alkaline carbonates) are generally used, in the 

absence of solvents. The use of a nitrogen atmosphere or vacuum is required to remove 

the water and avoid excessive oxidation of the reagents. 

The anhydrization degree of sorbitol increases in the presence of an acid, and 

therefore acid catalysts tend to produce mixtures with a high proportion of esters of 

sorbides, while alkaline catalysts lead mainly to esters of sorbitans [78]. Unfortunately, 

most of the scientific publications and patents only report the saponification and 

hydroxyl values of the ester mixtures obtained. A comparison of these values with the 

theoretical values calculated for pure esters (as an example, in Figure 5, those of oleic 

acid esters as well as the non-esterified polyols are reported) provide the average 

anhydrization degree of the sorbitol and the average number of hydroxyl groups 

esterified in these mixtures, but the actual distribution of products can not be obtained. 

In Table 3 we have collected some representative examples of sorbitol esterification and 

transesterification processes for which the composition of the esters mixtures obtained 

is reported. 

A disadvantage of the base catalysed direct reaction is that the product is usually 

highly coloured [78]. Therefore, treatment with a bleaching agent such as hydrogen 

peroxide and adsorbents is required to obtain acceptable colour values. Two-step 

processes have been established where the acid catalysed anhydrization of sorbitol takes 

place before the esterification or transesterification reaction [80,83,88,89]. It has also 

been reported that lower colour values are obtained when reducing acids, like 
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phosphorous and hypophosphorous acids, are used as catalysts [83,86], or by addition of 

reducing agents like sodium borohydride [83]. 

The reports on the use of heterogeneous solid catalysts for sorbitol esterification 

are scarce. Van Rhijn et al. [85] described the formation of dilauryl isosorbide by 

reacting lauric acid and D-sorbitol (acid to polyol molar ratio equal to 6) in the presence 

of a siliceous MCM-41 catalyst functionalised with propylsulfonic acid groups. At a 

lauric acid conversion of 33%, the selectivity to the isosorbide diester was 95%. At 

lower conversion (17%) isosorbide monolaurate is also detected. 

Interestingly, the large pore zeolite HBeta (Si/Al = 12.5) is reported to be 

inactive under the same reaction conditions [85], due to the preferential adsorption of 

the polyol on the zeolite. The better performance of the SO3H-MCM-41 material is 

attributed to its higher hydrophobicity. Therefore, it would be expected that this 

catalyst, functionalised with hydrophobic alkyl groups, exhibits an improved activity in 

the sorbitol esterification. However, the predominance of isosorbide esters reveals that 

the acid catalyst favours the deep sorbitol dehydration due to its strong acidity. 

Furthermore, the hydrophilic character of the isosorbide monoesters is low (very low 

HLB value), owing to their low hydroxyl content, which makes the process unattractive 

for the synthesis of emulsifiers (nevertheless isosorbide esters find application in other 

fields; for example, the diester with 2-ethylhexanoic acid has been claimed to be 

promising as a green PVC plasticizer [90]). A hydrophobic catalyst containing acid 

centres of medium strength would be more appropriate for the direct esterification of 

sorbitol. Moreover, solid base catalysts would also be useful, as they will probably 

decrease the anhydrization of the hexitol. 

A more systematic exploration of the behaviour of different zeolites in the 

esterification of sorbitol with oleic acid has been reported recently [91]. Zeolite HBeta 
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(Si/Al = 13) turns to be active at 200 ºC (sorbitol/oleic acid = 1, 14.6 wt% of catalyst), 

but the ester selectivity is similar to that of p-toluenesulfonic acid. Decreasing the 

crystal size by one order of magnitude (to 12 nm) do not change the activity and 

selectivity, but both decrease when the Si/Al ratio is increased to 50. Zeolite Beta free 

of defects (that is, free of silanol groups) synthesised in fluoride medium is more active, 

which has been attributed to its higher hydrophobicity. Zeolite ITQ-2 (delaminated 

MCM-22) is also active in the esterification reaction. 

In all these examples the OH content of the esters was determined according to 

standard procedures, and a value of 100 mg KOH·g-1 was obtained. Such a low OH 

content of the product is consistent with the formation of isosorbide esters and/or 

sorbitan esters having a high degree of esterification (Figure 5). Therefore, it can be 

concluded that a low yield of monoesters is obtained with these zeolitic catalysts, for 

sorbitol conversion levels in the range of 48 to 99%. 

Cs-containing heteropolyacids (Hx Cs3-x PW12 O40 , x = 0.5 and 1) have also been 

used as esterification catalysts [91]. At 150 ºC and a sorbitol/oleic acid molar ratio of 1, 

with 13.6 wt% of catalyst, quantitative conversion of both reagents is obtained. 

However, the OH value of the product is about 110, which suggests the predominance 

of isosorbide monoesters in the mixture. 

To summarise these results, it is concluded that no sorbitol or sorbitan 

monoesters are obtained by using these acid catalysts in the direct esterification of 

sorbitol with oleic acid. In order to improve the selectivity to the monoacyl derivatives, 

part of the hydroxyl groups of the sorbitol were protected by forming the corresponding 

ketals by reaction with acetone in the presence of HCl as catalyst [91]. This 

modification increases the solubility of sorbitol in oleic acid, which allows the 

esterification reaction to take place at lower temperature (135 ºC). Under these 
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conditions, the oleic acid conversion level obtained with the zeolite mordenite (Si/Al = 

10) was higher than 90% at 48 h, whereas the OH value of the product was as high as 

360. OH values of the esters mixtures obtained with zeolites Beta and ITQ-2 and 

heteropolyacids also increased by means of the ketalization of sorbitol. Therefore, this 

procedure probably reduces the transformation of sorbitol into isosorbide, and also 

decreases the average esterification degree of the product. 

 

5. Concluding remarks 

The current technology for the production of fatty acid esters of glycerol, 

polyglycerol and sorbitol suffers from severe drawbacks due to the use of homogeneous 

catalysts. The synthesis of these emulsifiers generates large amounts of waste residues 

because the mineral acids or alkalis that act as catalysts must be neutralised and 

bleaching agents and adsorbents are usually needed to obtain products with low colour 

values. Due to the low selectivity of the homogeneous catalysts, a large excess of polyol 

is needed in order to increase the yield of the valuable esters, those with a low 

esterification degree, therefore requiring separation of the reactant in excess and 

increasing the energy demand. Furthermore, costly molecular distillation of the 

glyceride mixtures obtained must be carried out to obtain the required concentration of 

monoglycerides. In the case of sorbitol and polyglycerol, complex mixtures of esters 

with a wide hydrophilic-lipophilic balance distribution are being currently produced. 

However, ester mixtures with a more defined HLB would exhibit improved emulsifying 

properties. 

The potential of solid catalysts to overcome most of these drawbacks has hardly 

been explored. A relatively important research effort has been devoted to the study of 

solid catalysts for the synthesis of monoglycerides. Significant improvements have been 
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reported by using zeolitic catalysts and, especially, mesostructured solids, like siliceous 

MCM-41 structures, with acid functionalities. As the highest yields of monoglycerides 

that have been obtained with these catalysts are still below those required for 

commercial use of these esters mixtures, there are still several issues that need further 

research. The possibility to tune the pore size and generate different pore architectures 

in these mesostructures, can allow the tailoring of the catalyst according to the fatty acid 

used in order to optimise the monoester yield. Different functionalities can be 

incorporated on the surface of these mesostructures. Beneficial effects of the control of 

the catalyst hydrophilic properties by attachment of alkyl chains on its surface have 

been reported that deserves further study. Likewise, these mesostructures are interesting 

catalysts for the synthesis of esters of sorbitol and polyglycerol. Acid-functionalised 

mesostructures are good candidates to be tested as catalysts for the selective synthesis of 

polyglycerol monoesters at low fatty acid to polyglycerol ratio. On the other hand, base-

functionalised mesostructures have been reported to catalyse the etherification reaction 

of glycerol to produce polyglycerol with a narrow chain length distribution. These 

materials could be excellent catalysts for the esterification or transesterification of 

sorbitol to obtain esters of high HLB, as they would produce esters with lower sorbitol 

anhydrization degree than those obtained with acid catalysts. 
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TABLES 

 

Table 1. Esterification of glycerol with fatty acids catalysed by zeolites. 

 

Catalyst  Si/Al 

ratio 

Fatty 

acid 

Glycerol to 

fatty acid 

molar ratio

Reaction 

temperature 

(ºC) 

Fatty acid 

conversion a 

(%) 

Monoglyceride 

selectivity a 

(%) 

Ref.

FAU 10.0 Oleic 6 90 5 67 13 

FAU 37.5 Oleic 1 100 10.5 53 14 

FAU 7.3 Oleic 1 100 6.9 53 14 

FAU 7.7 Oleic 1 180 80 b 76 b 15 

FAU 14.8 Lauric 1 112 45 69 c 16 

BEA 14.0 Lauric 1 112 38 64 c 16 

MFI 16.5 Lauric 1 112 33 57 c 16 

FAU 35.0 Lauric 1 100 13 68 17 

MOR 62.0 Lauric 1 100 16 55 17 

BEA 42.0 Lauric 1 100 32 d 68 d 18 

a Reaction time = 24 h.  b Reaction time = 5 h.  c At 50% conversion.  d Reaction time = 10 h. 

 



 31

Table 2. Synthesis of fatty acid esters of polyglycerol. 

 

Polyglycerol esterification and transesterification 

Fatty compd. Fatty c./ 

PGL 

ratio 

Catalyst [wt%] Reaction 

temp. 

(ºC) 

Fatty acid 

conversion 

(%) 

Glycerol 

units 

Ester 

composition 

Ref.

Capric acid 1 dodecylbenzene

sulfonic acid+ 

H3PO2 [0.2] 

145-165 100 1-4 

(88%) 

50% mono-, 

40% diester 

66 

Lauric acid 1.1 dodecylbenzene

sulfonic acid+ 

H3PO2 [0.2] 

145-165 100 1-4 

(88%) 

35% mono-, 

55% diester 

66 

Erucic acid 6 LiCl 230  6 75% mean 

esterifn.  

65 

Methyl 

stearate 

0.5 NaOH [0.15] 130 100 4 (mean) 98% monoester 69 

Methyl 

stearate 

1 NaOH [0.15] 130 89 4 (mean) 56% monoester 69 

Addition polymerisation of glycidol to fatty compounds 

Fatty compd. Fatty c./ 

glycidol 

ratio 

Catalyst [wt%] Reaction 

temp. 

(ºC) 

Fatty acid 

conversion 

(%) 

Glycerol 

units 

Ester 

composition 

Ref.

Lauric 

acid 

1/6 H3PO4 

[0.02] 

140  6 (mean) 91% monoester 73 

Lauric 

acid 

1/10 H3PO4 

[0.02] 

140  10 (mean) 77% monoester 73 
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Table 3. Synthesis of fatty acid esters of sorbitol and sorbitol anhydrides. 

 

Fatty compd. Fatty c./ 

sorbitol 

ratio 

Catalyst Reaction 

temp. 

(ºC) 

Fatty acid 

conversion 

(%) 

Esters mixture 

composition 

Ref.

Coconut oil 

fatty acids 

1 None 235 ~100 70% sorbitan monoester 78 

Coconut oil 

fatty acids 

1 H3PO4 

(pH=2.0) 

225 ~100 Mostly sorbide monoester 78 

Oleic acid 1.45 KOH 200-220  Mostly sorbitan diester a 83 

Oleic acid 1.47 H3PO3 + NaOH

(0.6:1 molar 

ratio) 

2.6 wt% 

245 ~100 Mostly sorbitan diester 86 

Lauric acid 6 Sulfonic acid 

functionalised 

MCM-41 

110 33 95% isosorbide diester 85 

a Sorbitol dehydration is carried out in a previous step using hypophosphorous acid as catalyst. 
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SCHEMES 
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Scheme 4 
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Scheme 5 
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FIGURE CAPTIONS 

 

 

Figure 1. Scientific and technological publications on the synthesis, processing and use 

of fatty acid monoglycerides (a), polyglycerol esters (b) and sorbitol monoesters (c). 

Insets: distribution of patent applicants nationalities. Data collected using the Chemical 

Abstracts Service research tool SciFinder®. *Data on 2003 correspond to the period 

from January to April. 

 

 

Figure 2. HLB values of triglycerol fatty acid esters. 

 

 

Figure 3. HLB values of polyglycerol stearic acid esters. 

 

 

Figure 4. Saponification and OH numbers of oleic acid esters of polyglycerols. Figures 

indicate the esterification degree (number of fatty acyl groups per molecule) of each 

ester. 

 

 

Figure 5. Saponification and OH numbers of oleic acid esters of sorbitol and its 

anhydrides. Figures indicate the esterification degree (number of fatty acyl groups per 

molecule) of each ester. 
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