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aBioali Research Group, Food Department, Faculty of Pharmaceutical and Food Sciences, University of Antioquia, Medellín, Colombia; 
bDepartment of Chemistry, Faculty of Basic Sciences, University of Pamplona, Pamplona, Norte de Santander, Colombia

ABSTRACT
Coffee is one of the most consumed beverages in the world. Coffee provides to the consumer 
special sensorial characteristics, can help to prevent diseases, improves physical performance and 
increases focus. In contrast, coffee consumption supplies a significant source of substances with 
carcinogenic and genotoxic potential such as furan, hydroxymethylfurfural (HMF), furfural (F), and 
acrylamide (AA). The present review addresses the issues around the presence of such toxic 
substances formed in Maillard reaction (MR) during thermal treatments in food processing, from 
chemical and, toxicological perspectives, occurrences in coffee and other foods processed by 
heating. In addition, current strategies advantages and disadvantages are presented along with 
application of molecular imprinting technology (MIT) and poly (ionic liquid) s (PIL) as an alternative 
to reduce the furan, HMF, F and AA content in coffee and other foods.

Introduction

Coffee is one of the most appreciated and consumed bev-
erages in the world (Folmer et  al. 2017; Mussatto et  al. 
2011; Monsalve-Atencio et  al. 2021), being Finland the larg-
est consumer with an average of 12 kilograms of coffee per 
inhabitant per year, followed by Iceland, Norway, Sweden 
and Denmark, reaching an average of 9 kilograms of coffee 
per year per inhabitant (Bermudez 2020). Coffee is and will 
remain an inspiration to humanity with its trade and con-
sumption (Vegro and de Almeida 2020); It has become 
relevant to consumers not only as an energy source but also 
as an important instrument for socialization and it is per-
ceived as a symbol of contemporary life (R. Rodrigues, de 
Almeida, and Spers 2020).

The coffee drink is usually obtained from the extraction 
of soluble solids from roasted and ground coffee beans. To 
obtain roasted coffee it is necessary to use green coffee as 
a starting material, with a typical humidity percentage of 
10 − 12% which is subjected to the roasting process in which 
temperatures close to 200 − 250 °C are required for up to 
20 min in order to generate the typical reactions of coffee 
roasting; this usually ends with a cooling process after losing 
between 12 − 20% of weight (Poisson et  al. 2017). During 
this process physical changes closely related to flavor are 
generated in the grain such that, the color can vary from 
a blue-greenish gray to almost black.

Some important chemical reactions include MR involving 
amino acids and reducing carbohydrates (Henle, Walter, and 

Klostermeyer 1991), in which furanic compounds (FC) 
(Bedoya-Ramírez et  al. 2017; Altaki, Santos, and Galceran 
2011) and AA (Anese and Suman 2013) are generated, 
Streker degradation, pyrolysis, and caramelization also occur, 
as well as denaturation and degradation of proteins and 
acids (Schenker and Rothgeb 2017). This review describes 
some aspects related to the formation of FC and AA in 
coffee, including chemical, toxicological, and health factors; 
as well as some relevant strategies for the elimination of 
these substances from coffee and other processed foods, 
which can affect the sensory quality of coffee and have not 
shown good effectiveness and industrial applicability. For 
this reason, more efficient and industrially adapted meth-
odologies are required so that sensory quality of coffee is 
not affected. For the first time, the applications of MIT and 
PIL used for the extraction of FC and AA from different 
matrices, especially in coffee, are analyzed in detail, and 
presented as a novel alternative, ecological and promising 
for the industrial detoxification of coffee. Also, aspects such 
as physicochemical interactions, biodegradability, toxicity 
and industrial application are considered important factors 
for an efficient environmental design.

Maillard reaction

The MR corresponds to a network of various non-enzymatic 
reactions between reducing sugars and compounds with a 
free amino group (Maillard 1912), which can occur 
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simultaneously and they can be influenced by each other 
as well as by milieu parameters (Wrodnigg and Eder 2001). 
In order to better understand the complexity of the reaction, 
MR is subdivided into three stages: early stage, intermediate 
stage, and final stage (Nursten 2005). During early stage,a 
condensation of amino groups and a reducing sugars occurs 
via Schiff ’s base formation, leading to the formation of an 
N-glycosylamine in the case of an aldose sugar, followed by 
Amadori rearrangement (Nursten 2005) or Heyns product 
rearrangement if the reducing sugar is a ketose (Van 2006).
The intermediate stage, starts from the product formed in 
the previous stage (Amadori or Henys) and includes the 
dehydration and fragmentation of sugar and the breakdown 
of amino acids (Strecker breakdown) releasing the amino 
group (Nursten 2005). There are three main different break-
down routes depending on the pH of the environment: (1) 
The 3-deoxyosone-pathway via the 1,2 enolisation route 
under acidic environments. (2) The 1-deoxyosone-pathway 
via the 2,3 enolisation route under neutral and alkaline 
environments. (3) The 4-deoxyosone-pathway under slightly 
alkaline conditions, and it is less common than the other 
two pathways (Van Boekel 1998). During the final stage the 
intermediate products previously generated react with each 
other via polymerization forming heterocyclic nitrogenous 
brown compounds (melanoidins) which have high molecular 
weights (up to about 100,000 g/mol) (Nursten 2005). 
Dehydration, fragmentation, cyclization, and polymerization 
reactions occur at this stage (Van 2006). During the roasting 
process, the MR is carried out in which compounds are 
generated with a direct impact on the organoleptic proper-
ties of the coffee (Belitz and Grosch 1999).

Formation of acrylamide and furanic compounds

Some of the products of the MR are AA (Anese and Suman 
2013) and FC (furan, HMF, and F) (Altaki, Santos, and 
Galceran 2011) as shown in Figure 1. One of the most 
important routes for furan formation is MR (Akıllıoğlu, 
Bahçeci, and Gökmen 2015) through thermal degradation 
and reorganization of sugars; however, there are other routes 
such as thermal oxidative degradation of ascorbic acid and 
polyunsaturated fatty acids (Rannou et  al. 2016). HMF and 
F are formed in the second stage of MR from the degra-
dation of Amadori products when hexoses or pentoses, 
respectively, are heated in the presence of amino acids or 
proteins, and can also be formed by caramelization (Gökmen 
and Morales 2014; Ho 1996) at high temperatures under 
acidic conditions (Gökmen and Morales 2014). As for AA, 
these can also be formed during the intermediate stage of 
MR by degrading asparagine in the presence of reducing 
sugars (Gökmen 2015; Stadler et  al. 2004).

Occurrence and toxicological aspects of AA and FC of 
coffee
FC are characterized by the furan ring having one or more 
substitutes, as can be seen in Figure 2, which shows the 
chemical structures of some important FC and AA. One of 
the FC corresponds to HMF, which is a multifunctional 

molecule highly soluble in water, ethanol, methanol, ethyl 
acetate, and petroleum ether (Gökmen and Morales 2014) 
that has several structural clues that present possible geno-
toxic and carcinogenic risks such as the furan ring, α, 
β-unsaturated carbonyl group, and an allyl hydroxyl group. 
Several studies have shown that HMF can induce genotoxic 
and mutagenic effects in bacterial and human cells and 
promote colon and liver cancer in rats and mice (Monien 
et  al. 2012), and coffee is known to be the most important 
source of HMF in the diet (Arribas-Lorenzo and Morales 
2010). As can be seen in Table 1, authors have evaluated 
the content of HMF in soluble and roasted ground coffee, 
the values of which ranged from 23.3 − 4112 mg/kg, and the 
content of HMF was significantly higher in soluble samples 
(p < 0.05) (Bedoya-Ramírez et  al. 2017; Contreras-Calderón 
et  al. 2016). The Joint FAO/WHO Expert Committee on 
Food Additives (JECFA) defined a Tolerable Daily Intake 
(TDI) de 0.54 mg/person/day for HMF (JECFA 1996), while 
the Scientific Panel on food additives, flavorings, processing 
aids and materials in contact with foods (AFC) estimated 
a dietary HMF intake of 1.6 mg/person per day based on 
an mTAMDI (modified Theoretical Added Maximum Daily 
Intake)- approach (EFSA 2005). In contrast, Arribas-Lorenzo 
and Morales (2010), found an intake of 8.57 mg HMF/person 
per day due to high coffee consumption habits, which 
exceeds even up to more than 15 times the value established 
according to the TDI, representing a health risk, similar to 
that reported in the research of Rodrigues and Bragagnolo 
(2013), where the consumption of a cup (100 mL) of regular 
roasted ground coffee, decaffeinated roasted ground coffee, 
regular soluble coffee, and decaffeinated soluble coffee could 
supply 0.4, 0.6, 4.6, and 6.0 mg of HMF (Table 1).

Furfural, also called 2-furaldehyde or furan-2-carbaldehyde, 
is a water-soluble aldehyde and consists of a furan ring in 
which the hydrogen in position 2 was replaced by a formyl 
group; it is known to be harmful to the eyes, mucous mem-
branes, and skin (Abraham et  al. 2011) and has genotoxic 
potential (Chávez-Servín, Castellote, and López-Sabater 2005). 
As shown in Table 1, F content has been found in soluble 
and roasted ground coffee with values from 18 − 135 mg/kg 
(Bedoya-Ramírez et  al. 2017; Contreras-Calderón et  al. 2016). 
Likewise, other authors found concentrations of up to 8.2 mg/L 
in brewed coffee (0.82 mg/100 mL cup) (Chaichi et  al. 2015), 
so that the intake of one cup could exceed the TDI values 
established by the European Food Safety Authority (EFSA) 
corresponding to 0.5 mg/person per day (EFSA 2004).

On the other hand, furan was found to induce hepato-
cellular carcinomas and adenomas in rats and mice, and a 
high incidence of cholangiocarcinomas in rats at doses 
higher than 2 mg/kg per body weight (Moro et  al. 2012). 
In 1995, the International Agency for Research on Cancer 
(IARC) classified furan as possibly carcinogenic to humans 
(group 2B) (IARC. 1996) and concentrations of furan in 
whole roasted grains have been found in the range of 
2 − 7 mg/kg (Guenther et  al. 2010). In the case of furan, the 
Panel on Contaminants in the Food Chain (CONTAM) 
decided that it was not appropriate to establish a TDI and 
used a margin of exposure (MOE) approach, which estab-
lishes the margin between a dose causing cancer in animal 
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studies and the estimated human exposure to the substance, 
it has been considered that a MOE of 10,000 or higher 
would be of low concern from a public health point of view 
and might reasonably be considered as a low priority for 
risk management actions, however, for non‐neoplastic effects, 
the calculated MOEs for furan are below 100, which 

indicates a health concern (CONTAM et  al. 2017). Rahn 
and Yeretzian (2019) found up to 99.05 µg/L of furan in 
brewed coffee. Other authors have found that daily intake 
of furan through coffee consumption corresponds to 
2.1 − 26.6 µg/person per day (Table 1), considering a body 
weight of 70 Kg (Altaki, Santos, and Galceran 2011).

Figure 1.  Maillard reaction pathways associated with the generation of (a) AA, (b) FC, and other compounds in coffee. Adapted from Ho (1996) and Richarme 
et  al. (2016).
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It is well known that HMF can generate AA from aspar-
agine more efficiently than glucose in a model system 
(Gökmen et  al. 2012). AA also known as 2-propenamide 
has a toxic potential in tissues, including in the reproduc-
tive and urinary systems. It is defined as group 2 A car-
cinogen by the IARC and studies in rodents show that it 
produces tumors in the liver, ovary, breast, thyroid, and  
is a neurotoxic compound (Çebi 2016). Currently, the 
European Union (EU) laid down a regulation establishing 
mitigation measures and reference levels to reduce the  
presence of AA in roasted and soluble coffee, which are 
400 and 850 μg/kg, respectively (European Commission 
2017). According to a report by the EFSA, the average 
content of AA in instant coffee was 1123 μg/kg (EFSA. 
2012), value higher than the allowed limit according to  
EU regulations, and it has also been shown that the con-
tribution of coffee to exposure to AA is up to 40% in 
countries that consume a lot of coffee (EFSA. 2011). As a 
genotoxic carcinogen, acrylamide is considered to have no 
threshold limit of exposure, i.e. a single exposure to one 
molecule of carcinogen can trigger the biological process 
leading to cancer (Felsot 2002), therefore, these compounds 
have been considered not to have a threshold in the 
dose-response relationship; i.e., there is not a dose or  
intake below which the risk is null (O’Brien et  al. 2006). 
However, Arisseto and Vicente (2015) recommend that 
when considering morphological changes in nerves, intakes 
greater than 1.4 μg/person per day (considering a body 
weight of 70 Kg) could suggest a higher concern; while in 
terms of reproductive, developmental, and other 
non-neoplastic effects, intakes higher than 14 μg/person  
per day (Table 1) (considering a body weight of 70 Kg)  

should not be exceeded, which would result in MOEs lower 
than 10,000, showing high concern. For acrylamide a MOE 
of 300 for average consumers and of 75 for high consumers 
has been estimated, which indicates a health concern 
(WHO. 2005). Considering the consumption of roasted 
coffee beverages and a body weight of 70 Kg, the exposure 
to acrylamide varied from 0.21 − 11.97 and 4.13 to 31.92 μg/
person per day (Table 1), for average and high consumers, 
depending on the country, respectively (Arisseto and 
Vicente 2015), exceeding up to 22 times the previously 
suggested intake. Likewise, other authors found that the 
acrylamide levels for different coffee beverages prepared 
from different brewing techniques can range from 
6.0 − 75 μg/L de beverage (Soares, Alves, and Oliveira 2015), 
so the consumption of a cup of coffee could suggest health 
concern.

When considering the concentrations of furan, HMF, F, 
and AA in coffee beverages, as well as MOE values and 
intake of these toxic compounds from coffee consumption, 
it can be observed that exceed the TDI limits and MOE 
defined for each of these, which evidences that the con-
sumption of coffee could represent a high concern and risk 
to health as mentioned above, however, in addition to the 
toxic substances that can be found in coffee, there are also 
bioactive compounds such as chlorogenic acids, trigonelline, 
melanoidins, hydroxycinnamic acids, and caffeine, of which 
there are evidence that they can reduce the risk of various 
diseases (Chronic-degenerative diseases such as Parkinson’s 
and Alzheimer’s, cirrhosis, asthma, type 2 diabetes and car-
diovascular diseases.) and improve performance mental and 
physical (Folmer et  al. 2017). Considering this, it is imper-
ative to obtain coffees from which, consumers, can enjoy 

Table 1. O ccurrence and Tolerable Daily Intake (TDI) o suggested intake of AA and FC in coffee (Arribas-Lorenzo and Morales 2010; JECFA 1996; Rodrigues and 
Bragagnolo 2013; Chaichi et  al. 2015; EFSA 2004; Rahn and Yeretzian 2019; Altaki, Santos, and Galceran 2011; Arisseto and Vicente 2015; Soares, Alves, and 
Oliveira 2015).

Occurrence in coffee  
(mg/Kg) TDI (mg/person per day)

Exposure from coffee (mg/
person per day)

Beverage content 
(mg/100 mL cup)

HMF 23.3–4112 0.54–1.60 8.57 0.4–6.0
F 18–135 0.50 – 0.82
Furan 2–7 – 0.0021–0.0266 0.00991
AA 1.123 0.0014 − 0.014* 0.032 0.075

*Suggested intake.

Figure 2.  Chemical structure of (a) Furan, (b) HMF, (c) F and (d) AA.
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its antioxidant properties and health benefits without be 
exposed to the risk of ingesting toxic substances from it.

Mitigation strategies for acrylamide and furanic 
compounds in coffee

Due to the previously commented, different strategies have 
been applied to reduce or eliminate the contents of these 
coffee contaminants (Anese 2016; Rannou et  al. 2016; Anese 
2015; Anese and Suman 2013; Anese et  al. 2013; Capuano 
and Fogliano 2011). One of the mitigation strategies in 
coffee consists of applying a medium or light degree of 
roasting (100 − 110 lange reflectance units (LRUs) for 240 s, 
where lower LRU values indicate darker roast colors) (Pavesi 
et  al. 2011; Guenther et  al. 2010), which compared to treat-
ment with dark roasting (40 − 50 LRUs for 240 s), can reduce 
up to approximately 41% of the content of furan; however, 
this method has the disadvantage, since it increases the AA 
levels (Guenther et  al. 2010). In the same way, an attempt 
has been made to substitute fine grinding for coarse grind-
ing since it favors the reduction of the furan content (Crews 
et  al. 2009); however, it has the disadvantage that there is 
low extraction (Castaño, Quintero, and León 2000). 
Evaporation has also been used for the removal of FC con-
tent using coffee with fine particle sizes and prolonged 
exposure to air at a relatively high temperature for 4 days 
achieving reductions of up to 20% (Guenther et  al. 2010). 
However, although the elimination percentage is not high, 
there is a disadvantage related to the loss of processing time. 
In another study, vacuum was applied at 2.7 kPa and 60 °C 
for 10 min with a previous hydration step up to an aw of 
0.7, achieving HMF and F eliminations of 20% and 100%, 
respectively. However, it is noteworthy that the vacuum 
treatments caused a significant decrease in the headspace 
of the total volatiles of coffee, which in turn was responsible 
for a lower odor intensity of the samples (Quarta and Anese 
2012). On the other hand, the mitigation of HMF and AA 
in coffee by fermentative action of Saccharomyces cerevisiae 
has been investigated, finding that after 24 h the concentra-
tion of HMF was reduced by 61.2%, 75.7%, 93.6% and 99.2% 
in the fermentation media containing 0, 1, 5 and 10% of 
sucrose, respectively; after 48 h the AA concentration was 
reduced by approximately 70% (Akıllıoglu and Gökmen 
2014). Nonetheless, this operation involves considerable 
extensions of process time and it is noted that no sensory 
analysis has been performed as in the work reported by 
Bedade, Sutar, and Singhal (2019) in which an system of 
columns packed with chitosan-coated calcium alginate beads 
and functionalized with citric acid was developed, in which 
acrylamidase was covalently immobilized. The system 
allowed the elimination of AA in soluble coffee samples due 
to its degradation in acrylic acid and ammonia by the enzy-
matic action of acrylamidase. However, in this study, FC 
are not considered and the production, extraction, and puri-
fication stages of acrylamidase by fermentation are also 
required. In addition, the reuse of the system could be 
limited by the decrease in enzyme activity due to the accu-
mulation of products in the beads during the enzyme 

reaction. As well as the latter, in several works they do not 
report sensory evaluations of the drink after being subjected 
to these treatments and that is so more studies are required 
to reveal the process conditions capable of minimizing the 
loss of sensory properties.

Alternative methods for the extraction of 
acrylamide and furanic compounds from coffee 
and other foods

Poly (ionic liquid)s

Overview
A possible innovative alternative for the decontamination of 
coffee concerning the previously commented procedures could 
refer to the use of polymeric/polymerized ionic liquids or 
poly (ionic liquid) s (PIL), which refer to a special type of 
polyelectrolytes generally based on the polymerization of ionic 
liquid monomers (ILM), that is, from ionic liquids (IL) that 
have polymerizable functional group. Thus, the cationic or 
anionic centers are constrained to the repeating units in the 
polymer chain, so, PIL have the advantage of combining their 
mechanical and thermal properties with some of the IL valu-
able properties (Patinhaa, Silvestre, and Marrucho 2019; Yuan 
and Antonietti 2011; Mei, Huang, and Chen 2019). For its 
part, IL corresponds to a group of salts that melt at tem-
peratures below 100 °C or at room temperature, called Newton 
liquids (Khan et  al. 2020). They are also defined as supra-
molecular nanostructures of type [(X)n+z (A)n)]z+ o [(X)n 
(A)n+z)]z-, where X represents the organic cation and A rep-
resents the anion (Gozzo et  al. 2004). Among its properties 
of interest are self-assembly capacity, low vapor pressure, 
non-flammability, thermal stability, and a wide range of liquid 
phase (Das and Roy 2013). They are known as green media 
due to their nonvolatile nature and high chemical and thermal 
stability (Dong et al. 2015), which is why they have low levels 
of atmospheric pollution (Alviz and Alvarez 2017).

Conventionally they consist of large organic cations (for 
example, imidazolium, pyridinium, pyrrolidinium or qua-
ternary ammonium) and small organic or inorganic anions 
(for example, trifluoromethylsulfonate, trifluoroethanoate 
or Cl-, Br-, PF6

-) (Berthod, Ruiz-Ángel, and Carda-Broch 
2018) that generally have certain levels of toxicity 
(Hartmann and Pereira 2016) and not all of them are 
biodegradable (Hou et  al. 2013). However, the toxicity of 
food products contaminated with residual IL has not been 
confirmed (Martins, Braga, and de Rosso 2017) and fur-
thermore, it has been reported that low doses of some IL 
in animal and in vitro tests did not cause cell damage 
(Martins, Braga, and de Rosso 2017). On the other hand, 
a new generation of biodegradable and reduced toxicity IL 
stands out (Hou et  al. 2013) with cations based on amino 
acids (Tao et  al. 2005) and choline (Hou et  al. 2013), of 
which some may be edible (Vraneš et  al. 2019; Schubert 
2017); in the same way, anions of amino acid-based IL 
(Kirchhecker and Esposito 2016; Hou et  al. 2013) and 
sugar-based IL have been developed (Chiappe, Marra, and 
Mele 2010).
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According to life cycle studies, few IL are toxic and 
non-biodegradable (Hospido and Rodríguez 2019), which 
are important aspects for the care of the environment. 
Generally has been reported that as the length of the anion 
or the number of atoms in the alicyclic ring increases, the 
alkoxy or alkyl chain of the cation also increases the level 
of toxicity of IL, which could be related to the permeabi-
lization of the biological membrane given the level of lipo-
philicity that increases with the length of the chain or 
number of atoms, contrary to what happens when symmetric 
chains are present in the cation since it has a steric effect 
on the cell surface, which leads to a decrease in the level 
of toxicity (Hartmann and Pereira 2016), which may also 
be favored by the inclusion of groups hydrophilic poles such 
as hydroxyls, carbonyls, amino and ether that also increase 
biodegradability, which in amino acids and alkanoates 
decreases with the presence of branched chains (Hou 
et  al. 2013).

Conventional IL can be synthesized by different methods 
that generally include neutralization, quaternization, and 
ion exchange reaction. For its part, protic IL are synthe-
sized by the reaction of an acid and a Brønsted base that 
involves the transfer of a proton. Aprotic IL can be syn-
thesized including quaternization and metathesis reactions. 
They can also be functionalized by including functional 
groups such as − OH, −OR, −SH, NH2, among others 
(Ozokwelu et  al. 2017a). There are also unconventional 
preparations that include microwave radiation and 
ultrasound-assisted reactions (Singh and Savoy 2020). In 
the particular case of IL-based on amino acids, they can 
be manufactured by protonation (if the amino acid is used 
as a cation) through potentiometric titration, alkylation of 
the amino group of amino acids and amino acid as nitro-
gen donors; or by neutralization (if the amino acid is used 
as an anion) through anion exchange or potentiometric 
titration and subsequent neutralization with an equimolar 
amount of amino acid (Kirchhecker and Esposito 2016). 
Opposite charges bind the cation and anion of IL. The 
lattice energy of crystalline compounds is proportional to 
the inverse of the distance between their lattice points, 
which is relatively short in ionic salts, so they have high 
reticular energy and consequently easy crystallization, 
unlike the IL whose complex shapes (larger multi-atomic 
cations and anions) is responsible for the largest distance 
between their lattice points, so that the asymmetry of IL 
ions reduces the lattice energy of the crystalline structure 
resulting in a low-melting-point salt, and it does not allow 
ions to easily form crystalline, stable, and ordered struc-
tures (Ozokwelu et  al. 2017b; Doble and Kruthiventi 2007; 
Mehrkesh and Karunanithi 2016).

Different polymerization techniques are used in the syn-
thesis of PIL, such as conventional and controlled radical 
polymerizations, step-growth polymerization, ring opening 
metathesis polymerization, among others. Similarly, two 
main strategies highlight, which consist of direct polymer-
ization of ILM; and chemical modification of existing poly-
mers. Typical ILM polymerization consists of conventional 
free radical polymerization using (meth)acryloyl, 
N-vinylimidazolium, or styrenic-based ILM, which can be 

homo- or copolymerized, or used as crosslinkers. Similarly, 
in recent years PIL have been developed via controlled/"liv-
ing" radical polymerizations, focusing on atom transfer rad-
ical polymerization (ATRP) and reversible addition 
fragmentation chain transfer (RAFT), which have the advan-
tage of precisely designing and controlling the macromo-
lecular architecture of IL species on a meso-/nanoscale 
within a polymer matrix (Yuan and Antonietti 2011).

IL and PIL have an industrial appeal (Martins, Braga, 
and de Rosso 2017) explained by their costs and recy-
clability (de Melo et  al. 2017), non-corrosive, green and 
ecological nature (Singh and Savoy 2020), with less tox-
icity and biodegradability (Toledo-Hijo et  al. 2016; Hou 
et  al. 2013), which is why they are considered ideal 
extraction mediums (Mei, Huang, and Chen 2019), 
friendly to the environment and allow extraction of var-
ious metabolites of the food industry, demonstrating that 
they can improve selectivity, efficiency and present a 
promising outlook for extraction on an industrial scale 
(Toledo-Hijo et  al. 2016). Few applications of IL have 
been presented in the food industry compared to other 
academic or industrial fields and the literature on food 
science and technology involving IL is still scarce 
(Toledo-Hijo et  al. 2016). The use of IL and PIL has been 
integrated with some techniques such as solid phase 
microextraction (SPME) and dispersive liquid-liquid 
microextraction (DLLME) (Kissoudi and Samanidou 2018; 
Nawała et  al. 2018). Different substances of interest for 
the food industry have been one of the main objectives 
in analysis and extraction processes, among them are 
phenolic compounds, esters, heterocyclic aromatics, pes-
ticides, estrogens, organic acids (Mei, Huang, and Chen 
2019), essential oils, piperine, caffeine, fatty acids, and 
other food additives (Toledo-Hijo et  al. 2016).

Application of ionic liquids and poly (ionic liquid) s in 
the extraction of acrylamide and furanic compounds
Regarding the application of IL and PIL in the extraction 
of the toxic substances treated in the present work such as 
AA and FC, mention can be made of some few studies such 
as the recently reported green method, where liquid-based 
vortex-forced matrix solid phase dispersion (IL-VFMSPD) 
was used to extract HMF from the dried ripe sarcocarp of 
the Cornus Officinalis plant, using ultra-high performance 
liquid chromatography; IL was used as a green elution 
reagent in a VFMSPD process with recoveries in the range 
of 95.2 − 103% (RSD < 5.0%); the results showed that the 
method was applied efficiently to extract and determine the 
HMF from the study matrix (Du et  al. 2018). In another 
work, the concentration of a furfuryl in red wine samples 
was successfully determined with the help of stationary 
phase coatings for solid phase microextraction (SPME) based 
on PIL, so that when compared to a commercial reference 
of polydimethylsiloxane of similar film thickness, higher 
recovery percentages were achieved (Zhao, Meng, and 
Anderson 2008).

On the other hand, few cases of use of PIL for the 
extraction and determination of some toxic substances have 
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been reported in coffee; however, to the author’s knowledge, 
until now only analytical studies have been reported and 
not as extraction processes or industrial detoxifications. 
Table 2 shows some structural characteristics of the IL and 
PIL used for the extraction of FC and AA in coffee, which 
have been reported in different studies such as that reported 
by Cagliero, Nan, et  al. (2016) in which a PIL-based sorbent 
coating for SPME was designed and successfully applied for 
the determination of the trace level of AA in brewed and 
powdered coffee using gas chromatography/mass spectrom-
etry (GC-MS), where all PIL fibers showed excellent ana-
lytical precision and linearity, demonstrating matrix 
compatibility of PIL-based fibers with real complex samples. 
Cagliero, Ho, et  al. (2016) developed a PIL coating method 
on the SPME support, which demonstrated superior sensi-
tivity in AA extraction compared to all commercially avail-
able SPME coatings and achieved results comparable to the 
international organization for standardization (ISO) method 
in the analysis of coffee powder samples. Similarly, Zhang 
et  al. (2017) used IL to extract AA from coffee samples 
prepared by DLLME that was coupled to gas chromatogra-
phy (GC) and the effect of different structural characteristics 
of IL on extraction efficiency was evaluated, which exhibited 
good analytical precision, linearity and detection limits. 
Regarding the analysis of F and other FC in coffee, stands 
out the work carried out by López-Darias et  al. (2011), in 
which coatings were used as sorbents for SPME based on 
PIL, which demonstrated an exceptional selectivity and 
extraction efficiency. Similarly, Toledo et  al. (2014) used 
PIL-based sorbent coatings for SPME of coffee aromatics 
among which some furans were identified.

Nondestructive extraction techniques based on poly 
(ionic liquids) s
To detoxify coffee in terms of AA and FC content, methods 
that provide the possibility of industrial application are 
required, which forces them not to be destructive with the 
matrix and to have appropriate scalability characteristics. 
Regarding PIL, there has been increasing interest in their 
integration with solid phase extraction (SPE) techniques 
(Marcinkowska et  al. 2019; Patinhaa, Silvestre, and Marrucho 
2019; Mei, Huang, and Chen 2019; Kissoudi and Samanidou 
2018); however, few nondestructive techniques stand out 
with the sample and those techniques such as stir bar sorp-
tive extraction (SBSE), stir cake sorptive extraction (SCSE), 
stir bar dispersive liquid microextraction (SBLME), hollow 
fiber-based liquid phase microextraction (HF-LPME), and 
headspace solid-phase microextraction (HS-SPME) that in 
some cases do not require substantially modifying the nature 
of the sample, usually present only analytical approaches 
and not industrial applications. However, some may be scal-
able, as is the case of the work carried out by Fiscal-Ladino 
et  al. (2017), in which rotating disk sorption extraction 
(RDSE) was used for the extraction of low polarity com-
pounds in wastewater samples, for which a new ecological 
material based on montmorillonite clays modified with ionic 
liquids was successfully used. Another similar and interesting 
application that turned out to be simple and profitable, 

refers to a new extraction device based on an SCSE approach 
for the extraction of a cocaine metabolite for which massive 
in situ polymerization of a molecularly imprinted polymer 
(MIP) was proposed in the surface of a polytetrafluoroeth-
ylene (PTFE) membrane placed between two magnetic rings 
(Sorribes-Soriano et  al. 2019). Although they did not use 
PIL in this study, they used MIT, which is a technique that, 
integrated with IL, is promising given its applicability with 
industrial approaches and high specificity, as discussed below.

Molecular imprinting technology

Overview
Over time, traditional liquid-liquid extraction processes have 
been replaced by SPE that uses sorbents which are not 
usually selective and retains other compounds different than 
the analyte (Turiel and Martín- Esteban 2020). MIT presents 
a solution to this problem, through which MIP can be 
obtained, which are smart materials that are designed with 
the purpose of improving selectivity in the extraction of 
organic and inorganic analytes from many complex matrices, 
such as food, blood, urine and wastewater (Madikizela et  al. 
2018); since corresponding to synthetic analogs of the nat-
ural antigen-antibody biological systems and operate through 
a "key-lock" mechanism to selectively bind the molecule 
with which they were molded during production in prefer-
ence to other closely related compounds (Turiel and Martín- 
Esteban 2020; BelBruno 2019), for which functional 
monomers (FM) and crosslinkers are polymerized around 
a template molecule (usually corresponds to the target mol-
ecule), generally in a porogenic solvent medium and initiator 
(Pichon, Delaunay, and Combès 2020), thus having a highly 
crosslinked three-dimensional polymer network, which is 
assembled through various interactions, such as the van der 
Waals forces, hydrogen bonding, π-π stacking, electrostatic 
and hydrophobic interaction (Ding et al. 2020). Subsequently, 
the template molecule is extracted, leaving binding sites 
with the shape, size, and functionalities within the comple-
mentary polymer network to the target compound, which 
allows rebinding of the analyte (Turiel and Martín- 
Esteban 2020).

There are different approaches to MIP synthesis, including 
covalent, semi-covalent, and non-covalent that relate to the 
type of bond formation between the template and monomers 
before polymerization, with the non-covalent approach being 
most used for the synthesis of MIP (Turiel and Martín- Esteban 
2020) since it facilitates the elution of the template molecule 
at the end of the synthesis (Pichon, Delaunay, and Combès 
2020). Typically there are different MIP preparation methods 
such as bulk manufacturing that involves grinding and is one 
of the most widely used due to its simplicity; precipitation 
polymerization that facilitates control over shape and size; sus-
pension polymerization allowing to obtain spherical beads in 
a wide size range; iniferter and emulsion polymerization that 
increase monodispersibility helping to stabilize the particles to 
a single size; in molecular surface imprinting, emulsion polym-
erization is typically used to obtain MIP coatings on preformed 
particles consisting of solid cores such as silica spheres, 
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polystyrene beads, and Fe3O4 that impart properties such as 
shape, fluorescence, porosity, and magnetism that facilitate the 
separation of the nanoparticles with the application of a mag-
netic field using a magnet, and direct synthesis in situ of a 
monolith by mass polymerization, which avoids the grinding 
step (Wackerlig and Schirhagl 2016; Kosheleva, Mitropoulos, 
and Kyzas 2019; Pichon, Delaunay, and Combès 2020).

The generation of MIP involves the creation of cavities 
containing functional sites within a highly cross-linked polymer 
matrix complementary to the template molecule. There is an 
increase in the number of MIP that have been developed with 
multi-templates where more than one target compounds are 
imprinted simultaneously (Chen et al. 2020). Likewise, the use 
of a single dummy template that is structurally related to two 
or more target compounds is being explored, which allows 
optimizing the use of MIP by minimizing the extraction phase 
needed to extract multiple structurally related compounds 
(Ncube et  al. 2017). There has been a steady growth in the 
number of ionic liquids that have investigated as functional 
monomers for the synthesis of MIP due to their properties 
that are in line with green chemistry principles (Madikizela 
et  al. 2018). However, some of the monomers typically used 
comprise functional groups such as 2 or 4-vinylpyridine (VPy), 
methacrylic acid (MAA), methacrylamide (MAAM), and 
N-Vinylpyrrolidone (NVP) which are selected when considering 
acidic or basic properties of the template molecule and the 
FM; for example, amides have been observed to have high 
selectivity with monomers containing primary amide (Turiel 
and Martín- Esteban 2020). On the other hand, some conven-
tional crosslinking agents involve, for example, divinylbenzene 
(DVB), trimethylolpropane trimethacrylate (TRIM), and eth-
ylene glycol dimethacrylate (EGDMA), the latter being one of 
the most widely used (Turiel and Martín- Esteban 2020). As 
a porogen, a non-polar or moderately polar aprotic solvent is 
usually used, such as acetonitrile, dichloromethane or toluene. 
However, there are also reports of the use of polar and protic 
media, such as methanol, ethanol and water; the use of the 
latter is considered a green approach for the production of 
MIP, as occurs in the case of the use of IL as porogens and 
FM (Pichon, Delaunay, and Combès 2020).

Complete desorption of the template molecule is very 
important because if it is not done correctly, it implies a 
decrease of cavities available for re-binding, which decreases 
the extraction efficiency. For re-usability, MIP are easily regen-
erated by simple washing with organic solvents such as acetic 
acid and methanol, and they show high chemical stability in 
those chemicals (Madikizela et  al. 2018). Generally, MIP are 
often used in various extraction techniques such as SPE, dis-
persive solid phase extraction (d-SPE), magnetic solid phase 
extraction (SCSE), SPME, and SBSE (Speltini et  al. 2017).

Molecularly imprinted polymers based on ionic liquids 
and their industrial application
With selectivity characteristics, desired molecular binding, 
physical robustness, re-usability, chemical and mechanical 
stability, easy preparation, and low cost (Turiel and Martín- 
Esteban 2020; Gunasekara and Zhao 2017; Madikizela et  al. 
2018), MIP can be used to carry out extractions or 

purifications at an industrial level and can be produced 
cost-effectively in large amounts and provide for long-time 
storage (Wackerlig and Schirhagl 2016), Table 3 shows some 
examples of research with analytical application and indus-
trial approach for the use of molecularly imprinted polymers 
based on ionic liquids monomers (IL-MIP). Some aspects 
that must be considered for the cost estimation for the 
industrial application of MIP correspond to the preparation 
cost of the MIP, removal capacity from the target, volume 
of fluid treated per unit mass of MIP, and reusability or 
number of cycles, which is variable and depends on factors 
such as method of production, FM, porogens, templates, 
solvents or surface modifiers, or crosslinkers, commercial 
availability, among others. However, different authors have 
concluded that the application of MIP presents excellent 
prospects due to its low cost in removal processes with an 
industrial approach, of substances such as pesticides in tea 
(Chen et  al. 2020), cholesterol in milk (Kartal and Denizli 
2020), lysozyme in egg white (Wei et  al. 2019), quinoline 
in octane (Yang et  al. 2015), wastewater treatment (Huang 
et  al. 2015; Shen, Xu, and Ye 2013; Qu et  al. 2020), heavy 
hetal ions and toxic dyes in water contaminated (Sharma 
and Kandasubramanian 2020), of which authors have cal-
culated and demonstrated the cost-effectiveness of the mate-
rial compared to commercial activated carbon (Krupadam, 
Khan, and Wate 2010). Most commercial applications of 
IPMs involve separation materials, which are led by com-
panies such as MIP Technologies, MIP Diagnostics, Semorex, 
Ltd, and Sigma-Aldrich (BelBruno 2019).

Typically, applications are aimed at contaminants removal 
processes, among which mention can be made of the work 
carried out by Chen et  al. (2020) in which a MIP supported 
on silica gel was successfully synthesized by precipitation 
polymerization with double template imprinting for selective 
removal of two pesticides from tea polyphenols, obtaining 
elimination rates of 95.8 and 94.8% with an absorption 
capacity of up to 33.01 mg/g, so its application is promising 
to improve the quality and safety of tea since the enrichment 
with these pesticides during the process of obtaining the 
tea extract is unavoidable. In other research, Kartal and 
Denizli (2020) surprisingly managed to remove the choles-
terol content of milk to reduce their daily intake and thus 
avoid some health problems; the developed MIP consisted 
of cryogel microspheres which allowed an absorption capac-
ity of up to 288.72 mg/g, also showing excellent selectivity 
and reuse. On the other hand, Zeng et  al. (2020) propose 
a MIP to improve the efficiency of the purification method 
in the industrial productivity of tylosin which is extracted 
from the Streptomyces fradiae fermentation broth with a 
broad antibacterial spectrum, allowing a successful extraction 
and purification, showing an adsorption capacity of 
106.5 mg/g, which is applicable on a large scale for the 
purification of macrolide antibiotics. Considering the impor-
tance of wastewater treatments, Qu et  al. (2020) worked to 
establish a fast and nondestructive method for the separation 
of phenol contaminants from water, for which they used a 
superficial MIT synthesizing a highly selective MIP in 
glucose-derived microporous carbon nanospheres, obtaining 
good adsorption yields and specific recognition with 
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equilibrium adsorption capacity of up to 85.72 mg/g and 
relative selection factors close to 8.38, 7.96 and 6.67. Given 
the low efficiencies as well as the high costs and process 
times for the purification of bromelain for use in the phar-
maceutical, cosmetic and food industries, Xu et  al. (2018) 
worked on developing an easy and effective ecological 
method by applying magnetic imprinted mesoporous poly-
mers using carbon derived from Pericarp granati as a vehi-
cle, with an adsorption capacity of 135.96 mg/g obtaining 
high recognition, binding capacity, selectivity, and reuse. 
Acid amides exhibit sensory numbing sensations typical of 
pepper flavor, pleasant in addition to different biological 
activities, which are usually obtained from Zanthoxylum 
bungeaum which is known as Chinese pepper, however, it 
is difficult to extract them due to the complex procedures 
required for their isolation and purification, so that Chen 
et  al. (2018) developed a method using MIP on an SPE 
column for the selective adsorption and extraction of acid 
amides achieving absorption capacities of up to 45.04 mg/g 
and an increase in purity of up to 92.40% compared to a 
pepper oil resin original (23.34%), showing great potential 
for industrial application. In the same way, other works 
carried out by different authors can be reviewed, which have 
applied the MIT for the extraction of compounds of indus-
trial interest from sectors such as the chemical and phar-
maceutical industries, as well as for environmental safety 
and the elimination of contaminants (Y. Zhang et  al. 2014; 
Yang et  al. 2015; Huang et  al. 2015; Shen, Xu, and Ye 2013).

Despite the wide use of MIP, the type of FM and cross-
linkers available for manufacturing is still limited (Ding 
et  al. 2020). Therefore, IL have been integrated into MIT, 
highlighting advantages over conventional elements when 
used as FM, porogens, templates, solvents or surface mod-
ifiers improving aspects such as permeoselectivity and 
regeneration of MIP by functionalizing the matrix surface 
with oriented and multiple interaction sites, also helping 
to increase the efficiency of imprinting, mass transfer and 
also decreasing the nonspecific adsorption and swelling 
rate. However, their use as crosslinkers could be detracting 
given the excessive interactions that in turn lead to non-
specific adsorption, decreasing the efficiency of interaction 
extraction (Ding et  al. 2020). Another important advantage 
of integrating ILM with MIP versus conventional monomers 
is a more environmentally friendly approach (Pichon, 
Delaunay, and Combès 2020).

There are also papers relating to the integration of ILM 
with MIP (IL-MIP) highlighting an approach directed toward 
industrial application as can be seen in Table 3, which are 
mostly polymerized by the conventional free radical tech-
nique. That is how Luo et  al. (2011) used IL as FM in the 
efficient development of an ionic liquid-based magnetic 
molecularly imprinted polymer (IL-MMIP) by inverse emul-
sion–suspension polymerization for the removal of acid dyes 
in factory wastewater, the IL-MMIP obtained had favorable 
stability and greater removal efficiency compared to con-
ventional monomers, proving to be a reliable, effective and 
convenient method to remove and recycle water-soluble acid 
dyes in aqueous media. Tian, Bi, and Row (2011) proposed 
an IL-MIP in which imidazolium-based IL with variations 

in functional groups such as carboxyl, amino and methyl 
were used to improve the extraction processes of the active 
compounds cryptotanshinone, tanshinone I and tanshinone 
II from the herb Sage miltiorrhiza bunge due to its impor-
tance for the treatment of diseases. Synephrine is an alkaloid 
obtained from the immature dried fruits of Citrus aurantium 
L, which due to its adverse effects, its extraction from citrus 
extracts is important, therefore Fan et  al. (2013) applied an 
IL-MIP for its extraction obtaining recoveries between 80 
and 90%; for the manufacture of the MIP, IL was used as 
FM and precipitation polymerization. Similarly, He et  al. 
(2015) developed an IL-MIP with industrial application in 
which the phase inversion technique was used to manufac-
ture an imprinted membrane for the selective removal of 
salicylic acid from wastewater, in this case IL was used as 
a porogen. Recently Li et  al. (2019) prepared an IL-MIP as 
packaging material for the SPE of fucoidan and laminarin 
from marine algae due to its bioactive properties, obtaining 
extraction efficiencies of 95.5 and 87.6%, and absorption 
capacities of 95.6 and 63.6 mg/g respectively.

Application of molecularly imprinted polymers in the 
extraction of acrylamide and furanic compounds
The MIP have been applied in the extraction of AA and 
FC by different methods as can be seen in Table 3. For AA 
extraction, Fe3O4-supported MMIP as well as packed SPE 
systems have usually been developed, with adsorption or 
loading capacities ranging from 3.68 to 109.8 mg AA/g MIP; 
these are usually synthesized from the dummy template 
molecule corresponding to propanamide (PA), and FM such 
as 2- acrylamido-2-methylpropane sulfonic acid (AMPS), 
3-aminopropyltrimethoxysilane (APTMS), acrylic acid and 
MAA. MAA is one of the most widely used FM for the 
extraction of FC such as F and furan, where DVB and 
EGDMA crosslinkers stand out, with sorption capacities of 
69.64 and 101.8 mg/g MIP of furan and F, respectively. For 
both AA and FC, most MIP synthesis is carried out by 
conventional free radical polymerization using AIBN as ini-
tiator, and most approaches have been analytical, however, 
authors such as Peng et  al. (2010) proposed the use of MIP 
with industrial application approaches for coffee 
detoxification.

Regarding AA extraction, the MSPE and SPE in which 
packed SPE cartridges are used stand out. For its part, the 
MSPE has generated a lot of interest because its application 
allows rapid extraction processes, easy collection by a mag-
netic field, and high selectivity, which is potentiated with 
the specificity of the MIP. There are different reports where 
the MSPE has been applied as recently reported by Zhang 
et  al. (2020), who synthesized a MMIP in which propio-
namide was used as a dummy template molecule to avoid 
bleeding problems and Fe3O4 nanoparticles modified with 
carboxymethyl dextran as support, achieving adsorption 
capacities of 19.28 mg/g and percentages of recovery of up 
to 83.9 − 96.8%, showing excellent AA recognition, selectivity, 
and enrichment in potato chip samples. Similarly, Bagheria 
et  al. (2019) synthesized MMIP using a green synthesis 
strategy for the extraction of AA in biscuit samples, 



Critical Reviews in Food Science and Nutrition 13

obtaining recoveries between 86.0 − 98.3%. The use of MMIP 
for the extraction of AA in samples of potato chips and 
cookies has also been studied by Ning et  al. (2017) and 
Arabi et  al. (2016), who synthesized imprinted magnetic 
nanoparticles using Fe3O4 as a component or magnetic sup-
port functionalized with amine or graphene oxide, obtaining 
rapid magnetic separation and high capacity for AA adsorp-
tion, enrichment and elimination from food samples. On 
the other hand, the matrix solid-phase dispersion (MSPD) 
has also been studied for AA extraction, where molecularly 
imprinted functionalized silica nanoparticles packed in SPE 
cartridges were used, which were applied in a simple, easy, 
selective, highly efficient and fast method for the AA 
extraction from biscuits and breads samples (Arabi, Ghaedi, 
et  al. 2016). Similarly, Xu et  al. (2012) successfully applied 
an AA extraction method in blank potato, twisted cruller, 
and potato chips samples using MIP in a packed in SPE 
cartridges system.

On the other hand, MIP have also been involved in the 
detection of FC, successfully using furan as a template mol-
ecule in the preparation of a MIP that presented specific 
adsorption for furan in soluble coffee, demonstrating its 
potential for furan SPE in food and drinks (Peng et  al. 
2010). For their part, Hashemi-Moghaddam and Ahmadifard 
(2016) developed a monolithic molecular imprinted poly-
meric fiber in which, due to the volatility of furan, the 
pyrrole molecule was used as a dummy template, the man-
ufactured fiber was successfully applied for the extraction 
of the furan in HS-SPME in water and canned tuna samples. 
MIP have been used for the manufacture of different 

chemical sensors based on electrochemical transduction and 
surface plasmon resonance for the detection of HMF 
(Pesavento, Marchetti, et  al. 2019) and F in aqueous samples 
and non-food matrices (transformer oil), which allowed the 
determination in a wide concentration range (Pesavento, 
Marchetti, et  al. 2019; Pesavento, Cennamo et  al. 2019; 
Cennamo et  al. 2019; 2018; 2015; 2014).

In an investigation that includes an industrial application 
approach carried out by Kobayashi et  al. (2002) molecularly 
imprinted membranes were developed for the extraction of 
dibenzofuran which showed permanent selective recognition 
and were useful for continuous operation in the treatment 
of large amounts of the solution with the solute, making 
them convenient for concentrating present environmental 
contaminating compounds in wastewater.

As mentioned above, MIT and PIL have great potential 
for removal of FC and AA from coffee, and an application 
presented here as a potential proposal could consist of the 
use of IL-MIP, packed in columns for solid-liquid extraction 
as shown in the detoxification stage (Figure 3). Once the 
coffee extract is obtained, it is usually subjected to a con-
centration process before dehydration, which is usually done 
by spray drying or freeze-drying, thus obtaining soluble 
coffee powder. Coffee extract concentration is usually carried 
out at low temperatures using strategies such as concentra-
tion by centrifugation, vacuum and freezing, so the appli-
cation of IL-MIP packed in columns for the removal of FC 
and AA is proposed, in a new stage (detoxification) of the 
soluble coffee manufacturing process, making the coffee 
extract pass through its bed once cold and just before 

Figure 3. IL -MIP application in soluble coffee manufacturing process.
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carrying out the concentration process. Considering only 
an adsorption capacity of the MIP (amount of analyte/MIP) 
detailed in Table 3 with values of 101.8, 69.64, y 109.8 mg/g 
for F, furan y AA, respectively, and concentrations of 8200, 
99.05 y 75 µg/L in brewed coffee for F, furan y AA, respec-
tively (as mentioned earlier), then it could be suggested to 
detoxify a liter of coffee brewed in approximately 100%, it 
would only be necessary to have 80.55, 1.42, y 0.68 mg of MIP.

Some prominent interactions between AA, FC and some 
functional monomers, important for the rational design 
of IL and MIP
MIP are easily synthesized from various polymers and can 
be tailor-made for specific analytes and have attracted strong 
interest owing to the unique features of structure predict-
ability (Jia et  al. 2018), allowing rational design for which 
computational tools such as computational modeling can be 
used to demonstrate or investigate the strength of the bonds 
that result from the interaction between the functional 
monomer and the template molecules, allowing the selection 
of monomers and templates prior to synthesis, thus eradi-
cating the trial-and-error method and thus avoiding the 
massive solid and liquid waste generation which end-up in 
contradiction with the green chemistry viewpoints 
(Madikizela et  al. 2018). Therefore, one of the important 
aspects for a rational design consists in selecting a template 
molecule that contains functional groups capable of inter-
acting with the monomer, in the case of AA, some aspects 
such as those mentioned by Zhang et  al. (2017), who eval-
uated the effect of IL aromatic and hydroxyl groups on the 
extraction efficiency of AA, IL [BC4IM][Br] was used as 
reference, in a comparative with hydroxyl groups [C2OHMIM]
[Cl], [BC2OHIM][Br] and benzyl [BC2OHIM][Br] were 
added. The authors found that with the Cl- anion, with 
respect to the Br- anion, superior extraction efficiencies were 
obtained, which was also substantially improved by the 
incorporation of hydroxyl and benzyl groups. AA is known 
to be a hydrophilic molecule that can interact with FM 
through interactions between the -NH2 groups present in 
both molecules or between the -OH groups of FM and 
-NH2 of AA, mainly through hydrogen bonds between atoms 
nitrogen, oxygen and hydrogen. Similarly, it is known that 
crosslinking agents such as EGDMA can establish hydrogen 
bonds between their groups (C = O) and (C-O) and -NH2 
of AA. AA often acts as an FM, its double bond is cross-
linked during the preparation of the MIP, which prevents 
the elimination of the eluents, due to this and its toxic 
nature, dummy template molecules are generally used that 
have the characteristic of being structural analogs such as 
propanamide (PA) whose main difference with AA lies in 
chain saturation (Figure 4) (C. Zhang et  al. 2020; Bagheria 
et  al. 2019; Lu et  al. 2018; Ning et  al. 2017; Arabi, Ghaedi, 
et  al. 2016; Arabi, Ghaedi, et  al. 2016; L. Xu et  al. 2012).

It is also known that π-π interactions can occur between 
HMF and IL such as [C2Mim][Br], [C4Mim][Br], and 
[C12Mim][HSO4]. The (C = O) and -OH groups of HMF 
can interact through hydrogen bonding and π-π interactions 
with the HSO4 anion and the imidazolium cations of IL, 

where it was also found that with respect to the Cl- anion, 
the anion Br− has more electrostatic affinity with HMF. 
Increased IL chain length leads to increased hydrophobic 
properties, affecting interactions between IL and HMF due 
to their hydrophilicity (Du et  al. 2018). The volatile and 
semi-volatile compounds in coffee can experience hydrogen 
bonds and dipole-type interactions, among them are the 
FC, for its part, the use of furan as a template molecule 
is difficult due to volatility, so dummy templates molecules 
such as pyrrole are used (Hashemi-Moghaddam and 
Ahmadifard 2016). Taking PIL as [VC6Im][Cl], [VC16Im]
[NTf2] and [VBC16Im][NTf2] into account, it has been found 
that long chains such as those of ILM C16 usually favor 
dispersive nonspecific interactions and the benzyl π-π type 
interactions, dipole, and electron lone pair with FC (Toledo 
et  al. 2014).

Future perspectives

MIP have many advantages including mechanical and chem-
ical robustness, high selectivity for the target molecule, and 
low cost of preparation (Arabi, Ghaedi, et  al. 2016). 
Regarding its integration with ILM, there are few reports 
on the application of IL as monomer and crosslinking agent 
in the preparation of MIP (Ma and Row 2018). Furthermore, 
it is highlighted that the continuous development of IL-MIP 
with specificity and adequate efficiencies is a subject of great 
current and future interest (Ding et  al. 2020). In this regard, 
it should be noted that despite the different works published 
on the application of MIP or PIL in the extraction of AA 
and FC, to the best of our knowledge, there are no or very 
few reports on the use of IL-MIP for the extraction of these 
compounds in coffee and other food matrices. Therefore, 
the promotion of new IL-MIP-based systems for the 
extraction of these contaminants are interesting scientific 
developments with potential for analytical and industrial 
applications.

The importance of both the basic science and the indus-
trial application of the MIP created by MIT in such import-
ant areas as the food industry and the development of new 
materials is evident. The area of production of different 
types of coffee is one of those fields that at a worldwide 
level moves many economic guilds and therefore implies 
the continuous improvement of its sensory and beneficial 
properties for health. However, contaminants must be 
removed to the maximum extent possible, and the various 
techniques described here for obtaining MIP that achieve 
the removal of such contaminants give us a broader per-
spective on the advancement of purification techniques in 
a much more specific and selective way.

Several authors show research related to the removal of 
AA and FC, with very promising results with the projection 
of being able to implement these methods at an industrial 
level. However, it is a technique that involves several stages 
of detailed chemistry and engineering, but with all these 
existing results, there are very good possibilities of imple-
mentation at the industry level. Very important is to under-
stand the mechanism of interaction between analyte-MIP 
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for a rational design, and therefore the correct interpretation 
of these interactions will allow the generation of new MIP 
for systems analogous to many of those already described 
in several papers in this review, which greatly enhances the 
application prospect in this area. But much more important 
is to incorporate IL in these systems, given the high versa-
tility in their design and specificity, in addition to being 
able to involve systems with low environmental impact and 
minimize the toxicity effects of many components currently 
used for their implementation in the food industry.

Conclusion

To date, attempts have been made to apply different strat-
egies to eliminate furan, HMF, F and AA from coffee, where 
although they have achieved significant reductions, the 
defects caused by the organoleptic properties still remain 
an issue. For the first time, a review is presented on the 
application of MIP and PIL as alternatives for the removal 
of these toxic substances from coffee. PIL show a promising 
outlook for industrial-scale extraction and have demon-
strated the ability to improve selectivity and efficiency, but 

despite having been used for AA and FC extraction, their 
applications have been highlighted with analytical and 
non-industrial approaches. The MIP are characterized by 
presenting an industrial application in highly selective sep-
aration processes, mainly MSPE and SPE in which packed 
SPE cartridges, and they have also been combined with 
ILM, managing to improve their selectivity and efficiency. 
Similarly, MIP are known to have been used to selectively 
extract AA and some FC in some foods, but not in coffee 
and without the use of ILM, so the application of LI-based 
MIP could represent a potential alternative for extraction 
of AA and FC from coffee, where the functionalization of 
its structure with groups such as −NH2, −OH, −C = O, −C-O, 
HSO4

−, and aromatic rings such as imidazole and benzene 
improve efficiency and specificity of extraction in soluble 
coffee, for which a highly selective method is required to 
avoid the extraction of aroma and flavor compounds and 
which is also industrial and nondestructive, which is why 
MIP and PIL turn out to be promising for its detoxification 
mediated by the extraction of AA and FC from the coffee 
extract using methods such as MSPE, SPE in packed car-
tridge, SPE or RDSE.

Figure 4. E xample of the process of preparing a MIP (polymerization, imprinting, desorption, and adsorption) for AA and illustration of some physicochemical 
interactions (Bagheri et  al. 2019).
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