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Slow-release formulations have been developed to enhance the effective use of active ingredients. In the case of
fertilizers the formulations reduce nutrient leaching and greenhouse gas emissions.While polymer-coating is the
dominant technology in producing slow-release fertilizers there is a demand for alternative options for different
usages. To this end, a commercially available organoclay, with a basal spacing of 3.67 nm, was used as matrix to
produce pellets of CuSO4 and dicyandiamide (DCD) of different sizes by a die set and hand press. Both CuSO4 and
DCD pellets showed a good slow-release performance in dissolution tests. Large pellets (1.2 cm in diameter) of
CuSO4 had a better performance in slow-release than small ones (0.7 cm). For DCD pellets (0.7 cm in diameter)
it took 6 days for a complete dissolution. The slow-release effect is probably due to the hydrophobic nature and
high aspect ratio of the organoclay. The formermakes soluble compounds between organoclay particles less sus-
ceptible to dissolution in water, whereas the latter hinders the dissolution of solutes inside a pellet by making
their diffusion passage tortuous. The organoclay formulation is easy to make, and the rate of solute release can
be adjusted by changing pellet size.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Organically modified clay minerals (“organoclays”) are formed
through ion exchange where inorganic cations (Na+, Ca2+) at the sur-
face of clay minerals (e.g., montmorillonite) are replaced by organic cat-
ions, of which quaternary ammonium cations (QAC) are the most
commonly used ones. This intercalation of organic cations results in
three properties: it renders clayminerals hydrophobic (or organophilic),
enlarges the interlayer space of clay minerals, and provides sites for the
retention of non-ionic organic compounds (NOC) through the hydro-
phobic tail of QAC. These properties have been extensively exploited
for a wide range and a variety of applications (de Paiva et al., 2008),
from rheological control agents, paints, and grease to cosmetics and per-
sonal care products. Themost important applications in the last two de-
cades have been the use of organoclays in polymer–clay nanocomposites
and as adsorbents of NOC, which are the subjects of two recent reviews
of Bergaya et al. (2013) and Yuan et al. (2013), respectively.

The search for new applications of organoclays does not stop with
the above-mentioned nanocomposites and adsorbents. Here is a report
on the development of an organoclay formula for the slow release of sol-
uble compounds, with a focus on soluble chemical fertilizers: Cu as a
trace element nutrient and dicyandiamide (DCD, H4C2N4) as a nitrifica-
tion inhibitor and nitrogen source. Chemical fertilizers are essential to
produce enough food to feed 7 billion people in the world. However,
their huge environmental impacts, from nutrient leaching and
eutrification to nitrous oxide (a greenhouse gas) emission, determine
that a greater efficiency has to be achieved in fertilizer use (Chien
et al., 2009). Among other things, slow-release fertilizers have been de-
veloped and widely used to improve fertilizer use efficiency. They are
commonly produced by forming a polymer coating on fertilizer grains.
The complicated production processes, involving heating and size sepa-
ration of fertilizers, and melting and nebulization of polymers, are
among the factors that make slow-release fertilizers expensive
(Trenkel, 2010). Further, their use may lead to an undesirable accumu-
lation of plastic residues, up to 50 kg/ha/yr. Indeed, plastic residue in
drainage from paddy field causes problems to fish. Thus, demands
exist for alternative technologies to produce slow-release fertilizers.
The hydrophobic nature of organoclays suggests their suitability as a
matrix for slow-release of soluble compounds. The purpose of this re-
search was to demonstrate that this was technically feasible.
2. Materials and methods

A commercially available organoclay, formed by the reaction of sodi-
ummontmorillonite with octadecyltrimethyl ammonium chloride, was
obtained from Fenghong NewMaterials Ltd, China and used as is in this
study. The XRD patterns of the organoclay were obtained by packing it
into an aluminium sample holder, and scanning from 2 to 14° of 2θ at
a rate of 2°/min. A Philips PW1710 XRD diffractometer with a PW
1050/80 goniometer and CoKα radiation (λ = 0.1790 nm) was used.

TA Instruments® Q600 SDT thermal analyzer was used for high res-
olution thermogravimetric analysis (TGA), differential thermal analysis
(DTA), and differential scanning calorimetry (DSC). The organoclay
(20 mg) was heated in nitrogen atmosphere from room temperature
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to 600 °C at a heating rate of 10 °C/min. Details of the methodology
were described elsewhere (Hedley et al., 2007).

Copper sulphate pentahydrate of analytical grade (CuSO4·5H2O)
was ground to powder with an agate pestle and mortar, and dry
mixed with the organoclay (at a ratio of 14.644 g/60.00 g) to give a
final Cu concentration of 5.00%. The mixture was then made into large
and small pellets (1.2 and 0.7 cm in diameter, respectively) of about
0.58 and 0.29 g each using a die set and hand press. The slow-release
pellets (0.7 cm, 0.20 g) of dicyandiamide (DCD)-organoclay were
made in a similar way, with a DCD content of 10, 20, or 40%.

The slow-release performance of the organoclay formula was
assessed by dissolution tests at room temperature (21 °C). CuSO4-
organoclay pellets of similar weights (1.1594 vs. 1.1409 g) but different
sizes (1.2 vs. 0.7 cm)were placed inplastic vialswith 1mMCaCl2 solution
as background electrolyte. The pellet:solution ratiowas 1:20 (weight:vol-
ume) as specified in some test methods for slow-release fertilizers
(Trenkel, 2010). The solution was replaced after 2, 7, 12, 24, 48, and 96
h,filtered through0.45 μm, and analyzed by atomic absorption spectrom-
etry for Cu concentration. The dissolution test for DCD-organoclay pellets
was conducted in triplicate in plastic vials with one pellet and 20 mL of
deionized water in each. The water was replaced after 2, 8, 24, 48, 72,
96, 120, and 144 h, filtered through 0.45 μm, and analyzed for DCD con-
centration by HPLC (Waters Inc.) using a cation-H guard column and a
210 nm UV detector (Schwarzer and Haselwandter, 1996). At the end
of dissolution tests organoclay pellets remained visually intact.
3. Results and discussion

The organoclay used in this studywas an organicallymodifiedmont-
morillonite, with a basal spacing of 3.674 nm (Fig. 1). In other words, it
had an interlayer space of about 2.67 nm. It was hydrophobic and
contained only a small amount of water (b3%), as measured by the
weight loss (Fig. 2) at 105 °C. Its onset temperature of decomposition
was about 259.8 °C and upon heating its organic component (36.9% by
weight) started to decompose and disappeared by 500 °C.

The dissolution curve of CuSO4-organoclay pellets is shown in Fig. 3.
Compared with the instant dissolution of pure CuSO4 pellets (the con-
trol) the organoclay formula clearly demonstrated its ability to release
CuSO4 slowly. The smaller pellets released CuSO4 faster than the larger
ones. Thus, the release rate can be adjusted by changing the size of
Fig. 1. X-ray diffraction patt
pellets to suit the requirements of end users, whichwould be an advan-
tage from the production point of view.

This ability of the organoclay in slowly releasing soluble compounds
is underpinned by its hydrophobic nature and large aspect ratio.
Organoclays are hydrophobic, i.e., they tend to expel water molecules
rather than attract them when placed in water. Thus, it would be
more difficult for water to dissolve solute molecules sandwiched be-
tween two organoclay particles than the same molecules in pure com-
pound. The high aspect ratio of organoclays further enhances their
suitability as a universalmatrix in fertilizer formulae for the slow release
of soluble compounds. A unit layer ofmontmorillonite can be up to 2 μm
in length and about 1 nm in thickness. Thus, its aspect ratio can be as
high as 2000.When subject to applied directional stress, the high aspect
ratio of organoclay causes the particles to align so that the long axes are
mostly parallel. This makes it difficult for water molecules to enter an
organoclay pellet because they have to follow the tortuous passage in-
side the pellet rather than take the shortest direct path. This effect is
similar to that of organoclay in polymer–clay nanocomposites achieving
excellent gas-barrier property, as illustrated by Bharadwaj (2001).

The release of DCD from organoclay formula (Fig. 4) showed a rapid
initial rate and a gradually decreased ratewith time. It took about 6 days
for a complete dissolution of DCD in the pellet. Figs. 3 and 4 show the
same type of dissolution characteristics. This is not surprising given
that the dissolution starts on the outer surface of a pellet where CuSO4

or DCD molecules are exposed to water and the initial dissolution is
not limited by diffusion.With timewater penetrates through the cavity
left by solute dissolution into the inner part of the pellet where CuSO4 or
DCD molecules dissolve and then migrate outside to bulk solution. The
rate of dissolution is limited by diffusion rate. The farther from the
outer surface of a pellet, the longer it would take for inner solutes to dis-
solve andmigrate outward, i.e., the slower the dissolution rate of solutes
would be. The close percentages of DCD released from pellets of 10, 20,
and 40% (conversion of Y-axis of Fig. 4 to dissolved DCD %) clearly sug-
gest that slow diffusion is the key mechanism for the slow-release of
solutes from pellets.

Because solute dissolution from a pressed pellet is diffusion-limited
pellet size would also affect the slow-release performance of solutes.
This is of practical advantage to the production and application of
organoclay formula for the slow release of soluble compounds. For ex-
ample, pellets of larger size and thus slower release rate can be pro-
duced without the need to change the composition of pellets; it would
erns of the organoclay.
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Fig. 2. Thermal analytical data of the organoclay (Exo up).
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be more convenient and time-saving to place a big ball of organoclay-
based slow-release fertilizer into root zone in soil than place tens or
hundreds of tiny polymer-coated fertilizer grains.

In summary, the advantages of organoclay formula for slow release
of soluble compounds include: 1) the nature and solubility of the com-
pounds would be irrelevant. In other words, the formula is universally
applicable to all soluble compounds. Further, a suggestion is made for
future study that organoclay formula might be used as well for the de-
livery of poorly soluble compounds to hydrophobic plant surfaces; 2)
the process for manufacturing organoclay formula of slow-release com-
pounds is straightforward, involving onlymixing andmechanical press-
ing. It does not require complex processes and expensive facilities; and
3) the slow-release rate can be adjusted by changing the size of end
products.

To reduce cost the organic cations for producing organoclaysmay be
derived from waste materials such as tallow from meat works. This
would help make it more feasible to commercialize the organoclay for-
mula of slow-release fertilizers.

Unlike the polymer residue from current slow-release fertilizers, the
residue of organoclay in soil would be of little concern because its or-
ganic component is held in the nm space between clay mineral layers
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Fig. 3. The cumulative release of Cu ions from large (1.2 cm) and small (0.7 cm) pellets of
organoclay formula with 5.00% Cu.
and thus not accessible tomicroorganisms (μm in size), and themineral
component (montmorillonite) is a naturally occurring nanoparticle in
many types of soils (Theng and Yuan, 2008).
4. Conclusions

An organoclaywas used tomake slow-release formulation of soluble
compounds, providing an alternative to polymer coating technology.
Both CuSO4 (with a high solubility) and DCD (with a moderate solubil-
ity) in organoclay pellets showed good slow-release characteristics,
suggesting that the formulation is applicable to any compounds. The
slow-release effect is underpinned by the hydrophobic nature and
high aspect ratio of the organoclay. The hydrophobic property makes
solutes on the surface of pellets less susceptible to dissolution in
water. It also makes solute in organo-phase less hydrophilic and thus
a lower propensity to be associatedwithwater phase. Solute dissolution
inside pellets is further hindered by the slow diffusion via tortuous pas-
sage as a result of high aspect ratio. Organoclay pellets are easier to
make than polymer-coated fertilizers, with the added advantages that
the formulation is universally applicable to soluble compounds and
their release rate can be adjusted by changing pellet size.
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