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LITERATURE REVIEW

Introduction

As plants constitute the world�’s primary food 
source, there has been a tendency in recent 
years to maximize agricultural yields due to 
demographical growth. The increase in produc-
tivity has been achieved through the develop-
ment of new high-yield crops, the heavy use of 
fertilizers and pesticides, and the use of heavy 
agricultural machinery. The bene ts obtained 
through the use of these agricultural improve-
ments are irrefutable. Several issues have en-
gendered criticism; most notably, the environ-
mental damage generated, including erosion, 
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salinization and  ooding of heavely irrigated 
soils, aquifer depletion, deforestation and envi-
ronmental contamination due to the excessive 
use of pesticides.

Pesticides (plaguicides) include a wide variety 
of components and display a broad spectrum 
of chemical properties. For the purposes of Co-
dex Alimentarius (Commission created by the 
Food and Agricultural Organization [FAO]) and 
the World Health Organization (WHO: UNO, 
1963), a plaguicide is any substance aimed to 
prevent, destroy, attract, repel or  ght any 
plague, including unwelcome species of plants 
or animals; during production and/or storage, 
transportation, distribution and elaboration of 
food; agricultural products or food for animals; 
or that may be administered to animals to  ght 
ectoparasites. The term includes herbicides and 
compounds used as growth regulators, insecti-
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cides, fungicides, defoliants, desiccants, and in-
hibitors of fruit thinning and germination. 

The use of plaguicides is required, as plants are 
susceptible to approximately 100,000 sanitation 
problems, caused by a variety of agents, vary-
ing from region to region and depending on the 
dominant type of crop. In Africa, weeds are the 
main cause of agricultural losses, while diseas-
es represent the most pressing agricultural issue 
in Latin America (Bifani, 1987). For instance, 
Rosales-Roble et al. (2005) found that, in only 
four weeks, wild sun ower (Heliantus annuss) 
caused losses of up to 26% in sorghum (Sor-
ghum bicolor) production in Mexico. 

At the global level, the annual losses due to the 
presence of destructive weeds are calculated to 
be around 10-15% of production among staple 
crops. There are currently 227 weed species 
identi ed to be responsible for 90% of damage 
to harvests, 18 of which are considered to be the 
most harmful worldwide (McDonald, 2002). 
Therefore, it is not unusual that 47.5% of the 2 
million tons of pesticides consumed globally 
each year are herbicides (Gupta, 2004). 

Herbicides are substances that partially or 
totally control weeds. Weeds always or pre-
dominantly grow in situations clearly altered 
by man, presenting undesirable effects at a 
speci c time and place. According to Labrada 
et al. (1996) and Ware and Whitacre (2004), 
weeds generally: 1. Hinder or alter the use of 
nutrients, water, light or useful space by the 
cultivated plants; 2. Have a series of biologi-
cal advantages favoring invasion (easy seed 
dispersal) and persistence (high level of seed 
production, long period of feasibility, stepwise 
germination, etc.) in cultivated zones; 3. Re-
lease substances through the roots and leaves 
which are toxic to crops, as they inhibit or 
hinder germination, growth or development 
of nearby plants (allelopathy); 4. Create a fa-
vorable habitat for other proliferating plagues 
(arthropods, acari, etc.) by acting as a host; and 
5. Hinder the normal harvest process and con-
taminate the production obtained.

Herbicides are required to control the biologi-
cal and adaptive advantages of weeds. Thus, 
the development of formulations increasing the 

effectiveness and safety of these agrochemicals 
has become more relevant in recent years. The 
present work reviews the components as well as 
the types of herbicide formulations, with special 
emphasis on controlled release formulations 
based on micro-encapsulation.

Environmental challenges deriving from the 
use of herbicides

The presence of residual plaguicide in soil has 
many possible causes. Sometimes it is due to 
aerial treatments applied directly to the plant 
foliage in order to control pests and diseases, 
following which approximately 50% of the used 
product  nally deposits in soil. In other cases, 
it occurs by plaguicide drift from the host by 
rain or wind. This is typically the case when ap-
plying insecticides, fungicides and herbicides. 
When applying some herbicides, the treatment 
is applied directly to the soil, resulting in a 
greater amount of residual herbicide. To a lesser 
degree, it may also derive from plant residues 
remaining in the soil after harvest. Finally, the 
drift by wind or rain from residues suspended in 
the atmosphere must also be considered.

There is public concern regarding the soil ap-
plication of plaguicides since massive amounts 
are required to ensure a good harvest. Heavy 
plaguicide use can contaminate the environ-
ment, with serious risks for human health and 
natural ecosystems. 

Residual plaguicide has been found in all envi-
ronmental compartments (air, water and soil) 
and in all the geographical regions, including 
areas very remote to the original liberation site, 
such as oceans, deserts and polar zones (Ber-
rada et al., 2003; Boparai et al., 2006; Konstan-
tinou et al., 2006; Ribeiro et al., 2007). Like-
wise, residual plaguicide has been observed in 
organisms at all trophic levels, from plankton to 
whales and Arctic animals. These compounds 
bioaccumulate in numerous species and have 
been biomagni ed through trophic nets. Hu-
man beings are not exempt from this contami-
nation, and plaguicides have been identi ed in 
diverse human tissues and secretions (Barr and 
Needham, 2002), even in inhabitants of very 
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isolated regions (Albert, 1998). In some studies 
conducted during the 1980s and �’90s, 1-1.5 mil-
lion cases of serious intoxication due to these 
compounds were recorded (García, 1998).

Herbicides are applied in relatively high doses 
that are sometimes toxic, although toxicity dis-
sipates with time in the  eld to concentrations 
below the level of minimal effectiveness. As a 
consequence, repeating the application is of-
ten necessary to control a plague (Scher, 1999; 
Fernández-Pérez, 2007). It must be taken into 
account that not all the plaguicides applied 
achieve their objective; when the plaguicides 
reach the soil surface, they may undergo a se-
ries of processes such as chemical and/or bio-
logical degradation, as well as photodecomposi-
tion. Losses due to runoff and lixiviation along 
the soil pro le may also occur, yielding: (i) an 
increase in the residual activity of the herbicide, 
since the microbial activity responsible for the 
degradation of most herbicides decreases with 
depth; (ii) reduction of the concentration of her-
bicide in the uppermost soil layers to levels under 
the thresholds needed to control bad weeds, and 
subsequent accumulation in the root zone of the 
cultivation at levels presenting a danger to crops; 
(iii) contamination of underground waters by the 
water in ltrating the soil, which may carry her-
bicides through and under the root zone (Nègre 
et al., 1992; Carter, 2000; Dailey, 2004; Kudsk 
and Streibig, 2003; Boparai, 2006; Konstantinou 
et al., 2006; Baena and Martinez, 2006).

The aforementioned effect of losses due to run-
off and lixiviation has led to the adoption of 
measures to protect the environment from the 
adverse effects caused by the use of plaguicides. 
FAO has promoted a collection of reasonable 
and responsible agriculture measures that have 
been de ned as Good Agricultural Practices in 
the Use de Plaguicides (GAP), thus developing 
a code of international behavior for the distri-
bution and use of plaguicides, and establish-
ing standards to ensure that the application of 
phytosanitary products does not harm users, 
consumers or the environment (Codex Alimen-
tarius, FAO/OMS).

However, it is necessary to recognize that plagu-
icides in general, and herbicides in particular, 
contribute signi cantly to sustain and protect 

crops and are thus essential for modern agricul-
ture. However, despite the bene ts of herbicide 
application, there is an urgent need to optimize 
use, not only as a response to standards for the 
maximum limits of plaguicide residuals in food 
and water, or to environmental contamination, 
but also to ensure that herbicides will continue 
as effective and valuable tools for farmers in the 
future (Kudsk and Streibig, 2003).

Herbicide formulations 

Herbicides are rarely applied in the form in 
which they have been synthesized. Along with 
the active ingredient, substances are added (ad-
ditives) to ful ll regulatory standards without 
diminishing the effectiveness of the active in-
gredients. Likewise, this active ingredient is 
combined with other materials (adjuvant) such 
as solvents, moisturizers and adherents. The 
product obtained constitutes the herbicide for-
mulation, as usually commercialized (García 
Torres and Fernández-Quintanilla., 1991). Her-
bicide formulations have the following objec-
tives (Tsuji, 2001; Mulqueen, 2003): (i). to ob-
tain a high biological effectiveness, throughout 
the time required to control harmful weeds; 
(ii). to enable the management and application 
of herbicides; (iii). To reduce the use of sol-
vents and/or select solvents that are dangerous 
or toxic; (iv). To minimize or avoid the adverse 
environmental effects on organisms that are not 
the cause for herbicide application ( sh, crops, 
etc.); (v). To ensure safer use of herbicides by 
workers and users; (vi). To extend the range of 
herbicide application, and (vii). To be physically 
and chemically stable through time, and at the 
same time, compatible with other formulations 
that could be present in mixing systems of the 
application equipment.

The adjuvant/coadjuvant present in the herbicide 
formulations or during mixing in the tank of the 
application system are necessary to reach the 
objectives mentioned, as they are able to favor-
ably modify the physical-chemical properties of 
the active ingredients (Zabkiewicz, 2000). The 
adjuvants may be classi ed as adjuvant activa-
tors or adjuvant modi ers, although many can 
be included in both categories (Covas, 2003).
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Adjuvant activators

Adjuvant activators increase the biological ac-
tivity of the herbicide. The following are the 
main adjuvant activators:

Surfactants and their combinations. These are 
substances that reduce the surface tension ex-
isting between two surfaces that would other-
wise repel each other. Surfactant improves the 
contact of herbicide solution drops on leaves, 
improving penetration (Seaman, 1990; Markus, 
1996; Green and Beestman, 2007). The speed 
and total amount of herbicide penetrating the 
cuticle is related to the concentration and the 
chemical structure of the surfactant (Zabkie-
wicz, 2000). According to Seaman (1990), sur-
factants improve herbicide penetration primar-
ily through solubilization, hygroscopic water 
retention, co-penetration, and modi cation of 
cuticle permeability.

Vegetal oils and minerals. Sometimes adding 
light oils to aqueous solutions of certain herbi-
cides increases the foliar action of these prod-
ucts. Oils are normally mixed with emulsion or 
with tensoactive products (1-2%), as they facili-
tate oil dispersal in water (Fernández-Quinta-
nilla, 1991; Covas, 2003). Vegetal oils and min-
erals are used in 1% solutions, depending on the 
type of herbicide and oil. Oils may be mineral 
or vegetal in origin, such as oil derivatives or 
methylated vegetal oils (Covas, 2003).

Fertilizers. These are de ned as any substance 
or chemical (organic or inorganic), natural or 
synthetic mixture contributing one or several 
nutritive elements essential for normal vegeta-
tive plant development. In addition, it has been 
observed that fertilizers containing ammonia-
cal nitrogen may increase the effectiveness of 
some herbicides, e.g., bentazone, dicamba, and 
glyphosate (Covas, 2003).

Adjuvant modi er 

Adjuvant modi ers extend the conditions under 
which a plaguicide formulation, and an herbi-
cide formulation in particular, becomes useful. 
This group includes: 

Antifoaming. Antifoaming modi ers are added 
to the suspension of a plaguicide to reduce the 
problems caused by the formation of excess 
foam during application. The most frequent 
mode of action involves reducing the surface 
tension, leading to a physical destabilization of 
foam bubbles. This group includes oils, alco-
hols, malic acid and tartaric derivatives (Green 
and Beestman, 2007).

Coating agents used to treat seeds. Recent re-
search on seed-protecting treatments has illus-
trated the importance of this technique. In the 
case of herbicides, these treatments consist in 
coating seeds with herbicides highly tolerant to 
cultivation, using speci c coating agents such 
as silicone gels or polymers indissoluble in wa-
ter (Green and Beestman, 2007). 

pH modi er. These coadjuvants are used to 
increase or decrease the pH of the solution be-
cause many plaguicides may become inactive 
at extreme pH (Covas, 2003). For example, the 
herbicide glyphosphate is currently offered at a 
pH lower than 2.0, as mono-sal at pH 4.4-5.0, 
and as di-sal at neutral pH close to 6.7. The her-
bicide particles must dissolve rapidly in order 
to penetrate the leaf�’s waxy cuticle. A pH in-
crease in the spray tank, over the pKa of a weak 
acid-type herbicide, converts the herbicide to an 
anionic form, which allows it to dissolve easily. 
In addition, the pH increase must increase the 
biological activity of the herbicide when solu-
bility is limiting, in circumstances where the 
pulverization volume is low or where there is a 
high concentration of that herbicide. When the 
solubility of a weak acid is not limiting, a low 
pH allows it to reach a neutral form that may 
penetrate more rapidly in the membranes and li-
pophilic cuticles of the plants (Green and Beest-
man, 2007).

The decision regarding the type of formula-
tion to be used must take into consideration the 
physical-chemical properties of the herbicide, 
the application of the formulation (foliar vs. 
soil), the type of crop, the agricultural practic-
es, the biological properties of the herbicide (se-
lectivity, transportation, toxicity in mammals 
and in other organisms), and economic factors 
(Markus, 1996). Likewise, the requirements of 
the plaguicide industry with regard to safety, ef-
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fectiveness, cost and feasibility of application of 
the plaguicide compounds must be taken into 
account (Tsuji, 2001; Rüegg et al., 2007).

The main types of conventional formulations 
of herbicides are presented in Table 1. The  rst 
three classes may be considered as classic types 
of formulations, while the following were de-
signed more recently to address the disadvantag-
es of the  rst three (Mulqueen, 2003). Emulsion-
able concentrates (EC) are preferred for certain 
active ingredients - liquids or solids with a low 
point of fusion and/or that are insoluble in water 
and need to be applied in the  eld with water. 
Herbicides with low solubility or solids with a 
high point of fusion are formulated as moistur-
izing powders (MP), water dispersable granules 
(WG) or suspension concentrates (SC) (Seaman, 
1990; Mulqueen, 2003). Likewise, suspensions-
emulsions (suspoemulsions) (SE) are useful to 
combine several types of compounds in a single 
formulation (Mulqueen, 2003).

Although sometimes the conventional formu-
lations may be incorporated directly as solids 
(powders or granules), they are generally dis-
persed or diluted in water to be applied as a spray 
on the crops and/or soil; therefore, the active in-
gredients are immediately incorporated into the 
medium (Scher, 1999; Mulqueen, 2003). This 
situation causes problems of toxicity and envi-
ronmental contamination in agricultural areas 
where conventional formulations are applied, as 
a consequence of the high doses necessary to 
compensate for losses resulting from chemical 
and/or biological degradation, photodecompo-
sition, volatilization, absorption by plants and 
adsorption to soil colloids, runoff and lixivia-
tion, among others (Markus, 1996; Scher, 1999; 
Geisler et al., 2004). These formulations also 
represent risks for the workers, including eye ir-
ritation, absorption through skin and inhalation 
(Tsuji, 2001). 

Systems of controlled liberation (SCL) repre-
sent an alternative to the conventional systems 
of herbicide application. This process is de-
 ned as �“a technique or method where the ac-
tive agent is available for a speci c product to a 
speed and duration designed to achieve the in-
tended effect�” (Scher, 1999). The herbicide SCL 
may be de ned as a technology wherein an ac-

tive ingredient is available for a speci c goal at 
a concentration and with a duration designed to 
achieve the intended effect, aiming to reach op-
timal biological effectiveness and to reduce any 
harmful effects (Rüeg et al., 2007; Undabeytia 
et al., 2003; Fernández-Pérez, 2007). Reducing 
herbicide levels also reduces costs for farmers 
as well as for companies (Markus, 1996). SLCs 
offer additional advantages (Mulqueen, 2003; 
Sopeña et al., 2007; Sopeña et al., 2007a; 2008a): 
(i). They may reduce herbicide loss due to lix-
iviation, volatilization, drift and degradation in 
soils. (ii). They may reduce phytotoxicity. (iii). 
They may facilitate herbicide management and 
safer applications, reducing toxicity in humans. 
(iv). They offer the possibility to act more selec-
tively on the intended target. (v). They increase 
the duration of activity and the effectiveness of 
the active ingredient, in soil as well as at the 
foliar level. (vi). They allow the inclusion of re-
active substances in the same formulation. 

Many of the advantages mentioned above stem 
from SLC liberation of the active ingredient, 
ensuring availability at the optimal time for 
cultivation protection, without rapid migration 
of the active ingredient due to precipitation or 
irrigation. Many studies have investigated the 
preparation of controlled plaguicide liberation 
formulations (Nelson and Penner, 2007; Fernán-
dez-Pérez et al., 2005; Vasilakoglou et al., 2001; 
Undabeytia et al., 2004; Sopeña et al., 2007b; 
2008a), as well as the kinetics of liberation in 
water (Fernández-Urrusuno et al., 2000; Zhao 
and Wilkins, 2000; Pérez-Martínez et al., 2001; 
Zhu and Zhuo, 2001; Sopeña et al., 2005; Garri-
do-Herrera et al., 2006). 

As seen in Figure 1, the rate at which the active 
ingredient is liberated from the conventional 
formulations is generally related exponentially 
to the amount (or concentration) of the ingredi-
ent that remains in the formulation. This means 
that the concentration in the environment must 
initially be very high (usually toxic), conse-
quently decreasing rapidly to low and ineffec-
tive levels. In contrast, SLCs generally exhibit 
low initial concentrations of active ingredient 
that remain stable long enough to protect the 
crop. Alternately, they may rapidly release high 
initial concentrations of the active ingredient, 
but then decrease release enough to maintain 
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effective levels for a prolonged length of time 
(Scher, 1999; Collet and Moreton, 2004). There-
fore, the main advantage of SLCs is the use of 
less active ingredient for the same period of ac-
tivity.
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Figure 1. Herbicide concentrations resulting from 
conventional and controlled release formulations.

If the application of SLC to a certain crop is 
advisable, it must be determined which type of 
SLC is the most appropriate. The selection of 
one or the other will depend on the physical-
chemical characteristics of the herbicide, the 
crop needs, the characteristics of the place where 
it will be applied and the characteristics of the 
application devices. The SLC chosen should 
allow rapid, evenly distributed treatment to be 

applied to large areas of cultivation (Wilkins, 
1990; Scher, 1999).

Based on the classi cation by Wilkins (1990), 
there are four big groups of LC systems: 

(i). Reservoir systems covered with speed-con-
trolling membranes. This type of system con-
sists of a polymeric membrane surrounding a 
reservoir, where the active ingredient (pure or 
saturated within the reservoir) is in the form 
of solid particles, liquid droplets or a solid dis-
persal in liquid. The membrane isolates and 
protects the core content from environmental 
degradation and from interaction with other 
materials (Arshady, 1999a). The membrane 
controls the speed with which the active ingre-
dient extends throughout the system, so it must 
become permeable, for example, by hydration 
or by solubilization of the active ingredient in 
some components of that membrane. In turn, the 
polymer must remain intact during the period of 
liberation, without swelling or undergoing ero-
sion (Collet and Moreton, 2004). This applies 
to micro- and macro-capsules, as well as other 
types of coated systems (Wilkins, 1990).

The osmotic pump system is a variant of the 
membrane-controlled system, which is com-
posed of a reservoir surrounded by a semi-
permeable membrane. This membrane allows 
water  ow toward the core, which dissolves. 

Table 1. Types of conventional herbicide formulations [(Extracted and modi ed by Mulqueen (2003) and Cover (2003)].

Type Description

Solutions (S) Oily or aqueous solutions and surfactants to improve uptake into plants 

Emulsi able Concentrate (EC) Oily or aqueous solution of an active ingredient (a.i.) plus emulsi ers to 
facilitate its solubility

Wettable power (WP) Solid active (50-80%) plus wettable and dispersant agents 

Suspension Concentrate (SC) Solid (a.i.)/liquid dispersal 

Concentrated Emulsion  (CE) Concentrated emulsion of a lipophilic a.i. with low melting point. Oil-in-water 
emulsion or water in oil emulsion

Suspoemulsion (SE) Mixture of CE (O/W) plus SC.

Multiple Emulsions Emulsion that can be emulsi ed in other external phase types: oil-in-water-in-
oil (O/W/O) or water-in-oil-in-water (W/O/W).

Water dispersible Granules (G) a.i. is adsorbed or coated by inert material plus dispersible agent, which is 
quickly dispersed into water
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When the core dissolves, hydrostatic pressure 
pushes the solution or suspension of the active 
ingredient through the hole made in the enve-
lope. The liberation speed will depend on the 
speed of water  ow through the membrane and 
on how fast the solution or suspension of the 
active ingredient emerges from the hole (Collet 
and Moreton, 2004).

(ii). Reservoir system without speed-controlling 
membranes. Hollow  bers are the simplest ex-
ample; the active ingredient spreads throughout 
the internal cavity, which may extend through 
the surrounding walls (if the ends are sealed) or, 
alternately, through one or both ends (Wilkins, 
1990; Scher, 1999). Other systems like foams 
and porous polymeric substrates have poten-
tial for use in the control of plagues (Wilkins, 
1990). 

(iii). Monolithic systems. In this type of sys-
tem, the active ingredient is dissolved or dis-
persed in an inert polymeric or elastomer ma-
trix until saturation. As the active ingredient is 
liberated from the monolithic system, more ac-
tive ingredient spreads to the surface exterior, 
as a response to the decreasing concentration 
gradient. If the material used to form the ma-
trix is engineered to be soluble or degradable 
during use, it is said that the monolithic device 
is erosionable. In this case, liberation of the ac-
tive ingredient proceeds via diffusion and lib-
eration due to matrix erosion (Wilkins, 1990; 
Scher, 1999).

The fundamental difference between a mem-
brane system and a matrix system is that, in 
the  rst, the membrane is located only on the 
surface of the system; in the second, the poly-
mer occupies the entire system. These systems 
may be divided in two groups: 1) those where 
the active ingredient is dispersed in a soluble 
matrix that liberates the active ingredient when 
dissolving, or when swelling and dissolving 
(hydrophilic colloid matrices); 2) those where 
the active ingredient is dispersed in an insoluble 
matrix, from which it is liberated when a solvent 
penetrates the matrix and dissolves the particles 
(lipid matrices and insoluble polymers) (Collet 
and Moreton, 2004).
(iv). Laminate structures. These are multilami-
nate systems where the central lamina is loaded 

with the active ingredient and where there are 
other external laminae at each side, protecting 
it, and also regulating liberation of the active in-
gredient (Wilkins, 1990; Scher, 1999). 

Finally, other types of SLC systems involve ad-
sorption mediated by ionic interchange on res-
ins. In these systems, the active ingredient in-
teracts with the resin of ionic interchange, form-
ing a complex through substitution of hydrogen 
atoms. The complex formed may be susceptible 
to encapsulation or suspension in an aqueous 
medium. Liberation of the active ingredient 
from the complex will depend on pH and on 
the concentration of electrolytes in the medium 
(Ansel et al., 1999).

What is micro-encapsulation?

Micro-encapsulation is de ned as the process 
of coating an active substance (molecules, solid 
particles or liquid globules consisting of various 
materials), resulting in particles of micrometric 
size. The products resulting from this techno-
logical process are denoted as microparticles, 
microcapsules (MICs), or microspheres (MISs), 
according to system particularities with regard 
to morphology and internal structure; all are 
<1mm (Remuñán López and Alonso Fernán-
dez, 1997). When these particles are smaller 
than 1 m, they are called nanocapsules or 
nanospheres to emphasize their small size. In 
practice, many of these particles are not spheri-
cal, although they are still considered as MIC or 
MIS due to their size and composition. There-
fore, the terms microparticles and nanoparticles 
are used in a general way to denote particles 
presenting either irregular or spherical shape 
(Arshady, 1999a, 1999b).

MIS are de ned as particles that are spherical 
and of micrometric size (between 1-1000 m). 
However, in practice, the term microspheres 
is also used for particles ranging in size from 
0.02-2000 m (Arshady, 1999b). Externally, 
MICs are similar to MISs, but the microcap-
sules are composed of one or more active in-
gredients (core) and a protecting matrix (wall 
or cover). The matrix or protecting layer is 
normally an organic polymer, although it can 
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also be an inorganic polymer, or even metal. 
The active ingredient may be solid or liquid, or 
even gas. Likewise, the active material may be 
in the form of a central core surrounded by an 
inert polymer (MIC-type reservoir or mononu-
clear) or  nely dispersed in a polymeric ma-
trix (MIC-type monolithic); alternately, it may 
present an intermediate morphology (polynu-
clear MIC) (Arshady, 1999a; Arshady 1999b; 
Scher, 1999). The typical structures of differ-
ent types of microparticles are shown schemat-
ically in Figure 2. 

Various external coats

One core

IrregularSphere

Various cores

Encapsulated

Microcapsules

Microcapsules
doulble coat

Type matrix Structure Type reservoir Structure

Various external coats

One core

IrregularSphere

Various cores

Encapsulated

Microcapsules

Microcapsules
doulble coat

Type matrix Structure Type reservoir Structure

Figure 2. Micro-particle structure.

Notably, there is a third type of microparticles, 
formed by lipids or lipoid surfactants forming 
vesicles in solution. The vesicles have a double 
lipid layer containing an aqueous compart-
ment, analogously to cell membranes; they are 
thus considered as cell membrane prototypes. 
If these vesicles are formed by phospholipid 
surfactants, they are called liposomes. Lipo-
somes may be considered as a special case of 
microcapsules, whose walls are phospholipids. 
Their size is generally between 50-500 nm, al-
though they may reach 5 m. Liposomes may 
be unilaminar, when the active agent, normally 
in aqueous phase, is inside the vesicle consti-
tuted by the phospholipidic membrane. Lipo-
somes are multilaminar when there are succes-
sive layers of active substance and phospholipid 
membranes (González-Rodríguez et al., 2007). 
There is a wide range of amphipathic lipids that 
may be used to prepare liposomes, although the 
fact that a speci c lipidic molecule presents a 

high degree of surface activity does not guaran-
tee the formation of a �“bilayer�”-type structure 
in the presence of water. The interactions with 
the neighboring molecules and water, as well 
as the relation between the surface area of its 
polar head and its hydrophobic tail, will deter-
mine the physical structure of the vesicle. For 
example, lipids such as phosphatidylcholine or 
phosphatidylserine usually result in bilayers 
(González-Rodríguez et al., 2007; Mura et al., 
2007), while the lisophospholipids form mono-
layers, resulting in simple vesicles or micelles.

Anionic herbicide formulations have recently 
been designed that involve encapsulation in ves-
icles formed by alkylammonium cations with 
long alkylic chains. The vesicles containing the 
herbicides allow for adsorption of the molecules 
contained, a process mediated by electrostatic 
interactions in montmorillonite (Undabeytia et 
al., 2003; 2004).

Plaguicide micro-encapsulation 

Plaguicide encapsulation aims to control the lib-
eration of the formulation�’s active ingredients, 
to enable their their use for a speci c purpose 
at an intended concentration, to diminish the 
disadvantages of the active ingredient, and to 
maintain the highest possible biological effec-
tiveness. Recently, Green and Beestman (2007) 
published a review on the formulations of pat-
ented and commercialized agrochemicals; they 
pointed out that most of the controlled libera-
tion products comprise technologies based on 
micro- and nano-encapsulation. This may be 
because herbicide micro-encapsulation reduce 
losses of the active ingredients (Wilkins, 1990; 
Tsuij 2001). In addition, there are studies re-
porting an improvement in persistence and a 
reduction in herbicide losses due to lixiviation 
(Johnson and Pepperman, 1996; Gerstl et al., 
1998; Vasilakoglou et al., 2001; Vasilakoglou 
and Eleftherohorinos, 2003; Fernández-Pérez et 
al., 2005; Sopeña et al., 2007a; 2007b). 

Among the  rst studies evaluating the effective-
ness of microencapsulated herbicides, Schreiber 
et al. (1993) and Mills and Thurman (1994) stud-
ied the loss of atrazina due to lixiviation and 
concluded that micro-encapsulation diminishes 
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the contamination of underground waters in the 
context of low levels of herbicide lixiviation. 
Likewise, research shows that there is a greater 
reduction of herbicide volatilization with the 
microencapsulated formulations as compared 
to the commercial formulations, thus diminish-
ing the presence of herbicide in the atmosphere 
(Wienhold and Gish, 1994; Dailey, 2004).

On the other hand, it has been observed that 
plaguicide micro-encapsulation has also re-
duced phytoxicity in crops (Bernards et al., 
2006). Micro-encapsulation has been proven to 
improve plaguicide effectiveness in compari-
son to commercial formulations (Greene et al., 
1992; Vasilakoglou and Eleftherohorinos, 2003; 
Hatzinikolau et al., 2004, Sopeña et al., 2007a; 
2008b). This improvement is attributed to herbi-
cide liberation from the micro-encapsulated for-
mulations in a slow and controlled manner of re-
lease to the soil solution, which allows effective 
control of harmful weeds for a longer period of 
time (Sopeña et al., 2007a; 2007b).

However, it is noteworthy that micro-encapsula-
tion implies, in some cases, the use of unwanted 
toxic substances and/or processes of long dura-
tion (Riggle and Penner, 1988; Greene et al., 
1992; Gan et al., 1994; Vailakoglou et al., 2001). 
In addition, the results may vary depending on 
the experimental conditions and type of tech-
nique and on the herbicide and polymer used to 
provide the microparticles (Fleming et al., 1992; 
Nègre et al., 1992; Wienhold and Gish, 1994; 
Gerstl et al., 1998). 

Materials used in herbicide microencaps-
ulation 

The biodegradation of formulation materials is 
also an important aspect related to the controlled 
liberation of plaguicides for environmental ap-
plications (Lohmann, 1992). Biodegradation 
is understood as the destruction and assimila-
tion of organic compounds by living organisms 
and their enzymes, particularly by bacteria and 
fungi (Scher, 1999). Aminabhavi et al. (1990) 
de ne biodegradation as the sum of microbial 
processes resulting in mineralization of organic 
compounds. Therefore, degradation in the envi-

ronment is the result of the combination of light, 
water, heat, insects, oxidation, other contami-
nants, microorganisms, animals and mechanical 
forces such as wind, rain, wave action, sand and 
vehicle traf c (Scher, 1999). However, consid-
ering only the effects of soil microorganisms, 
polymers or biodegradable materials may be 
de ned as those compounds formed by macro-
molecules susceptible to damage in biologically 
active environments. Therefore, they must have 
functional groups accessible to enzymes, which 
are also susceptible to non-biological types 
of degradations, such as hydrolysis, reduction 
or photodegradation, among others (Wilkins, 
1990).

Wilkins (1990)  rst classi ed the materials used 
in encapsulation according to their degree of 
biodegradation: (i). Starch and systems based on 
amylose. (ii). Other polysaccharides (cellulose 
and derivatives, chitin, chitosan, dextran, alg-
inate). (iii). Proteins (casein, albumin, gelatin). 
(iv). Lipophilic materials (rubbers and waxes). 
(v). Synthetic polymers (polyvinyl alcohol, 
polylactato, polyglycolato, other polyesthers, 
polyamines, polyamide-type acids, polyacryl-
amide). (vi). Miscellaneous (polyhydroxybuti-
rato, tannins, polyhydroxyvalerato) lignins, res-
ins and biopolymers modi ed by substitution, 
�“crosslinking�” or �“grafting�”. Among all these 
biodegradable materials, the lignin polyphenolic 
macromolecule is the most abundant in ground 
plants. The macromolecule protects plants from 
light, water and microorganisms, degrading 
more slowly than polysaccharides. 

Unmodi ed starch is an ef cient matrix for en-
capsulating solid and/or liquid active ingredi-
ents. Formulations encapsulated with starch have 
been widely used for herbicides such as atrazine, 
alachlor and metolachlor (Mills and Thurman, 
1994). Starch may also be modi ed, due to the 
inherent advantages of the new matrix. Starch 
may be copolymeralized with vinylic and/or 
acrylic monomer (Zhu and Zhuo, 2001).

The Kraft type of lignins has also been used 
for the controlled liberation of a great number 
of plaguicides including: metribuzine, alachlor, 
carbofurano, and cloroambeno (Wilkins, 1990; 
Cotterill and Wilkins, 1996; Zhao and Wilkins, 
2003). The use of additives soluble in water at 
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the matrix phase also in uences the liberation 
kinetics. For example, the addition of urea in-
creased the degree of liberation of diuron in 
lignine matrices (Cotterill and Wilkins, 1996). 
The rapid dissolution of urea creates a porous 
structure, increasing the penetration of water 
inside the lignin granules. 

The formulations with alginates are based on the 
ability of alginate to form gels after the addition 
of a polyvalent cation, which interacts with the 
alginate carboxyl groups. The liberation pro le 
of the plaguicide may be modi ed by the incor-
poration of adsorbents during the geli cation 
process. Clays, silica, aluminum oxide and coal 
are the most frequently used adsorbents, result-
ing in greater control of the degree of liberation 
(Gan et al., 1994; Johnson and Pepperman, 1996; 
Villafranca-Sánchez et al., 2000; Garrido-Her-
rera et al., 2006). In controlled liberation formu-
lations prepared with alginates, the liberation of 
the herbicide is slower when clays are incorpo-
rated in the formulation. If active coal is also in-
corporated, the liberation is delayed even more 
in comparison to the alginate-clay and commer-
cial formulations. According to Garrido-Herrera 
et al. (2006), the sorption capacity of the formu-
lation components and the formulation perme-
ability determine the slow speed of liberation.

Some cellulose derivatives are also used as ma-
trices for the controlled liberation of plaguicides. 
Although their use and development is not as ex-
tensive as the derivatives from lignin or starch, 
the cellulose derivatives are good materials for 
this type of formulation because they are biode-
graded via hydrolysis by the enzyme cellulase, 
which is produced by bacteria and fungi (which 
are very abundant in natural media). Some of 
these derivatives are soluble in water or un-
stable, requiring insolubilization or stabiliza-
tion during the synthesis of the macromolecular 
chain through �“crosslinking�” or by the addition 
of certain substances. For example, carboxym-
ethylcellulose has been stabilized with gelatin 
(Prasad and Kalyanasundaram, 1993) and with 
aluminum (Kök et al., 1999). The effectiveness 
of several herbicides encapsulated in different 
cellulose polymers has been investigated previ-
ously (Dailey et al., 1993; Dailey and Dowler, 
1998). The results depended on the type of her-
bicide and polymers used. The polymers show-

ing the greatest effectiveness were cellulose ac-
etate butyrate (CAB) and the ethylcellulose in 
MICs of atrazine and metolachlor. On the con-
trary, MICs of metribuzine demonstrated effec-
tiveness comparable to the commercial formu-
lation, while those formulations of cyanazine 
and CAB were less active than the commercial 
formulation. Likewise, it has been observed that 
the use of alachlor formulations micro-encapsu-
lated in ethylcellulose (EC) was ef cient in re-
ducing the herbicide losses due to volatilization 
(Dailey, 2004). More recently, it has been found 
that alachlor and nor urazon formulations con-
trol liberation. Microencapsulated in EC, they 
reduce mobility (Sopeña et al., 2007a; 2007b) 
and protect herbicides against degradation in 
the soil-water system (Sopeña et al., 2007a), re-
gardless of the type of soil involved (Sopeña et 
al., 2008a). These characteristics result in great-
er herbicide activity than that observed with the 
commercial formulation (Sopeña et al., 2007a). 
In particular, Sopeña et al. (2008b) found that, 
through time, the alachlor encapsulated in EC is 
more effective in comparison to the commercial 
formulation, other microencapsulated alachlor 
formulations, (Petersen et al., 1988; Vasilako-
glou and Eleftherohorinos, 1997; Dowler et al., 
1999) and acetochlor (Parker et al., 2005). 

The polymers used for plaguicide micro-encap-
sulation must satisfy the following conditions 
(Tsuji, 2001): 1. They must exhibit molecular 
weight, temperature of vitreous transition and 
molecular structure adequate to allow suf cient 
liberation. 2. They should not react with plagui-
cides. 3. The polymer and its degradation prod-
ucts should not cause any type of environmental 
contamination. 4. They must be generally stable 
during their use and storage, and they must also 
be easily manufactured and fabricated in order 
to achieve a desirable product at low cost. 

In the case of MICs, the substances more com-
monly used as plaguicide coating are polyurea, 
polyamida, melamine resin, nylon, and gelatin 
(Scher, 1999). Likewise, in the 1980s, the de-
velopment and use of molecular encapsulations 
with cyclodextrin began. With this technique, 
some complexes of inclusion form between two 
or more molecules (one is the host molecule, and 
the other is the guest molecule [the plaguicide]) 
(Szejtli, 1982). Cyclodextrins may trap a great 
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variety of molecules comprising one or two ben-
zene rings, or even longer molecules with a chain 
of comparable size, forming complexes of inclu-
sion (Szejtli, 1988). The encapsulations with cy-
clodextrins have the aforementioned advantages 
for controlled liberation formulations and also 
increase the solubility of certain not very solu-
ble plaguicides and, therefore, their availability 
in the soil solution (Ginés et al., 1998; Morillo et 
al., 1998; Morillo, 2006; Pérez-Martínez et al., 
2000a and b). This is because cyclodextrins ex-
hibit high solubility in water because they have 
free hydroxyl groups on the external surface of 
the ring, rendering the internal cavity slightly 
nonpolar. There are diverse applications for the 
cyclodextrins and plaguicide complexes of in-
clusion. Thus, Kamiya et al. (1994) have shown 
that including -cyclodextrine ( -CD) inhibits 
photodegradation. The increased availability of 
compounds such as p,p-DDT following encap-
sulation with cyclodextrins has been proposed 
as a method for recovering contaminated soils 
(Wang and Brusseau, 1993). Villaverde (2007) 
showed the effectiveness of a -CD solution as 
a tool for the in situ extraction of nor urazon 
herbicide prior to soil bioremediation. The val-
ues of the hysteresis coef cient were reduced 
by 2,4-D desorption in soils due to the use of 

-CD, as compared to the use of water (Pérez-
Martínez et al., 1999).

Finally, it is necessary to point out that the type 
of encapsulated plaguicide and its functional 
groups have great in uence on the degree of lib-
eration of that plaguicide, due to the energy of 
the chemical link established between the ma-
trix and the plaguicide, as well as the feasibility 
of its solubilization. The greater the solubility of 
a plaguicide is, the lower the T50 value. The co-
ef cient of octanol-water partition of a plagui-
cide (Kow) is also a good factor to predict the T50 
value and the degree of liberation; the higher the 
Kow is, the slower the liberation, as the af nity 
of the plaguicide for the organic phase (lignin, 
starch, cellulose, etc.) is higher than with water. 
Most of the microencapsulated plaguicides are 
insecticides, while others are herbicides, insect 
repellents or plant growth regulators. This fact 
is related to the mechanism of plaguicide ac-
tion and the physical-chemical properties of the 
microcapsules (Arshady, 1999a; Scher, 1999; 
Tsuji, 2001).

Methods usually used in herbicide micro-
encapsulation 

Currently, there are hundreds of patented meth-
ods for micro-encapsulation; the number will 
increase with the development of new micro-en-
capsulation materials and active ingredients re-
quiring speci c procedures for micro-encapsu-
lation (Remuñán López and Alonso Fernández, 
1997). The methods more frequently used in 
plaguicide micro-encapsulation may be grouped 
into three categories (Arshady, 1999a, b):

Chemical methods, interfacial polymerization 
and polycondensation. A great number of plagu-
icides have been encapsulated in a great vari-
ety of polymers with this technology (Markus, 
1996), especially insecticides (Kawada et al., 
1993; Scher et al., 1998; Paik, 2006). However, 
there are problems of toxicity associated with 
the use of certain monomers and the reduction 
of formulation stability due to the chemical re-
actions between the plaguicides and the mono-
mers during storage (Wilkins, 1990).

Physical-chemical methods. These consist of 
coacervation, extraction-evaporation of the dis-
solvent and suspension-reticulation. Coacerva-
tion allows for the encapsulation of liquids and 
solid materials, used mostly for obtaining MIC. 
Recently, coacervation has been used in fungi-
cide encapsulation of ediphenphos (Tsuiji, 2001) 
and pheromones (Chen et al., 2007). Through 
the extraction-evaporation of the dissolvent, 
plaguicides have been encapsulated in diverse 
polymers such as poly-e-caprolactone, polyar-
ylsulfone, methacrylate, and various types of 
cellulose (Dowler et al., 1999; Teff and Friend, 
1993; Shiomori et al., 2004). However, the re-
sults obtained varied considerably according to 
the type of plaguicide and polymer considered 
(Dailey et al., 1993; Dailey and Dowler, 1998; 
Sopeña et al., 2005; 2007a). Suspension-retic-
ulation is the technique most frequently used 
with agrochemicals; a great variety of plagui-
cides have been encapsulated in different ma-
terials such as alginates, gelatin, cellulose de-
rivatives (such as carboxymethylcellulose) and 
starch (Fernández-Pérez et al., 2001; Mathew 
and Kalyanasundaram, 2004; Garrido-Herrrera 
et al., 2006).
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Physical methods, extrusion,  uid bed coat-
ing and atomization. The physical methods 
described in this section have been used in 
encapsulating diverse plaguicides (Tefft and 
Friend, 1993; Beestman, 2003) and biopesti-
cides (Tamez-Gerra et al., 2000; Ghorbani et 
al., 2005).

Conclusions

To summarize, the plaguicide industry formula-
tions must ful ll a series of conditions, the most 
pressing of which are: 1. Greater safety during 
manipulation and application of plaguicides, for 
the environment as well as for those organisms 
that are not the target of the plaguicides but that 
may be exposed. 2. Lower prices, lower cost 
of production and lower cost/execution ratio. 
This means that it is frequently dif cult for the 
new compounds to satisfy all the requirements. 
Thus, the development of new plaguicides faces 
new challenges, as the time and cost of produc-
tion has increased, demonstrating the need to 
improve the formulation. Technological inno-
vation will be required in order to render new 
and pre-existing plaguicides compliant with the 
current requirements for environmental and hu-
man safety.

The development of new plaguicide formula-
tions and new  elds of application for the plagu-
icides already in existence may be comparable 
to the development of new plaguicides. The cost 
and time required for the development of new 
formulations may be even less than that required 
for the development of new plaguicides. Current 
resources are directed toward the development 
of safer plaguicides, for the worker and for the 
environment, as well as toward more ef cient 
application and formulation technologies. Thus, 
the development of ingredients that are more ac-
tive and effective at reduced doses is essential, 
and systems of controlled herbicide liberation 
are becoming more important.
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Resumen

F. Sopeña, C. Maqueda y E. Morillo. 2009. Controlled release formulations of herbicides 
based on microencapsulation. Cien. Inv. Agr. 36(1): 27-42. Annual worldwide losses to 
weeds are estimated to be approximately 10-15% of attainable production of the principal 
food. Therefore, it does not surprise that the worldwide consumption of herbicides is 47.5% 
of the 2 million tonnes of pesticide consumption per year. However, the use of herbicides high 
application rates for yielding good crops has given rise to serious environmental and public 
health problems. For this reason, the development of new herbicide formulations that are highly 
effective, safer, for worker and to the environment, and that involve a low cost/production 
relation becomes important. In this sense, controlled release formulations of herbicides have 
become more necessary in recent years, since they often enable greater herbicide ef cacy, 
reducing its doses. The present work review in detail both the components and types of 
herbicide formulations, emphasizing on controlled release formulations from the herbicide 
microencapsulation (materials and methods) and providing the basic concepts for an adequate 
comprehension.

Key words: Adjuvants, contamination, control, delivery system, formulations, herbicide, 
microencapsulation, weed control.
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