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Abstract Microporous ‘functionalised’ calcium carbonate
(FCC) has potential for use as a carrier for the controlled
release of ‘actives’, by permeation and di�usion. We have
investigated the nature of the FCC surface and the mech-
anism of adsorption of two typical actives, namely the
anti-in�ammatory drug aspirin and the �avour compound
vanillin, from chloroform and aqueous ethanolic solutions.
There is indirect evidence from the quantitative perturba-
tion of Tóth isotherms that their adsorption is hindered by
a stagnant di�usion layer of water trapped in the micro-
porosity of the FCC. To complement previous studies of the
surface of FCC, it was also tested with the cationic probe
benzyltrimethylammonium bromide and the anionic probe
sodium 2-naphthalenesulphonate. Experimental procedures
were validated by comparison with adsorption onto ground
calcium carbonate and high surface area talc.

Keywords Controlled drug delivery � Controlled �avour
release � Functionalised calcium carbonate (FCC) �Vanillin �
Aspirin

1 Introduction

1.1 Functionalised calcium carbonate

This work is a study of the adsorption properties of dis-
solved organic species onto ‘functionalised’ calcium car-
bonate (FCC). FCC comprises particles with intraparticu-
late porosity, which is microporous according to the pore
size classi�cation of Mays (2007). The adsorbates were the
anti-in�ammatory drug aspirin and the �avour compound
vanillin, in chloroform and aqueous ethanolic solutions. The
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FCC surface was also tested with the cationic probe ben-
zyltrimethylammonium bromide (BTMAB) and the anionic
probe sodium 2-naphthalenesulphonate (Na2NS). Similarly
sized particles of ground calcium carbonate (GCC) were
used as a (null) control adsorbent. Finnish talc with a high
surface area was used as a control to check the methodology
of measuring the (null) adsorption of BTMAB onto FCC.

FCCs are produced by etching calcium carbonate parti-
cles and re-precipitating a modi�ed surface structure with
in-situ or externally supplied CO2 in the form of carbonic
acid (Ridgway et al., 2004). To facilitate the in-situ produc-
tion of CO2, acids such as phosphoric acid (H3PO4) can
be used. Variations in the etching process produce a range
of morphologies with recrystallised surfaces, consisting of
incorporated hydroxyapatite (HAP) in the case of phospho-
ric acid, which are dual porous with inter- and intraparticle
porosity. FCCs have hydrophilic surfaces and exhibit both
HAP and calcium carbonate crystalline structure (Ganten-
bein et al., 2012). FCC o�ers bene�ts over HAP because the
current commercialmethods used to produceHAP give a low
yield mixed with several phases, so that the product is expen-
sive and suitable only for small-scale and time-consuming
production (Chen and Leng, 2015).

FCCs have a wide range of applications, particularly for
the controlled release of actives such as drugs, plant protec-
tion chemicals, and food additives such as �avours. It has
been proposed that the particles be utilised in various dosage
forms, such as in chewing gum, a mouth or nasal spray, an
inhaling device, a tablet, a lozenge, a trans-dermal patch
and a powder (Pedersen and Andersen, 2012). FCCs can
be tailored to suit a particular need; for example, plastically
compressible FCC grades are available in the case where
�avour release may require a compressive destruction of the
inert carrier in the mouth combined with controlled release
in order to excite the recipient’s senses with �avour (Gane
et al., 2006). FCCs are pharmaceutical grade analogues of
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MCCs (modi�ed calcium carbonates) designed for the paper
industry, particularly for coatings designed for ink-jet print-
ing (Ridgway et al., 2004). MCCs are normally treated with
<1% polyacrylate dispersant to facilitate transport and ap-
plication (Alm et al., 2010; Gribble et al., 2010), whereas
FCCs are free of organic chemicals.

1.2 Adsorption in the context of the controlled delivery of
actives

The adsorption processes of drugs onto their delivery sur-
faces are important, since adsorption is the basic mechanism
most commonly used for the loading of drugs onto surfaces
such as nanodiamonds (Mochalin et al., 2013). Unwanted ad-
sorption onto a surface may compromise the intended ther-
apeutic bene�t, driving up dosage levels, thus increasing
treatment costs (Tzannis et al., 1997). A study by Mochalin
et al. (2013) has also shown that the adsorption of poorly
soluble drugs onto the surface of their nanodiamond parti-
cles may be suitable in overcoming the poor bioavailability
of the drugs. They also state that the monolayer capacity for
a particular drug on their surface must be determined in or-
der to gain full advantage of the mechanism while avoiding
excessive loading in order to minimise potential leakage of
dangerous drugs. Pinholt et al. (2011) found that it is im-
portant to study the adsorption of peptide and protein drug
products, as proteins are known to interact with interfaces
of the particulate delivery system in which the e�ects are
often irreversible adsorption and structural changes of the
proteins. Kojima and Watanabe (2012) have studied HAP as
a biomaterial and the adsorption and desorption of two bioac-
tive proteins (cytochrom c and insulin) onto its surface; they
concluded that HAP is a potential protein carrier with con-
trolled release. A study by Neuvonen et al. (1984) has shown
that the bioavailability of both aspirin and quinidine sulphate
was signi�cantly reduced when ingested with activated char-
coal, and that a signi�cant desorption of aspirin, but not
that of quinidine, was subsequently detected. Tsuchiya and
Levy’s 1972 paper suggests that it may be possible to make
reasonable predictions concerning the relative antidotal ef-
fectiveness of activated charcoal in humans on the basis of
appropriate in vitro adsorption studies. Sellers et al. (1977)
conducted comparative in vitro studies to determine the ad-
sorption characteristics of 12 drugs onto activated charcoal
in order to remediate any poorly absorbed drugs. They con-
cluded that activated charcoal would not be helpful. Such
diverse studies demonstrate that when a new drug delivery
vehicle is being proposed, an investigation into the adsorptive
properties of its surfaces is of paramount importance.

1.3 Adsorbates

Figure 1 shows the molecular structures of the four adsor-
bates used in this work. Benzyltrimethylammonium bromide
(BTMAB) and sodium 2-naphthalene sulphonate (Na2NS)
are charged, water soluble species, used as cationic and an-
ionic probes, respectively.

Vanillin, a common and popular �avour compound read-
ily soluble in ethanol, was chosen as the �avour species to
adsorb onto the FCC in order to provide further insight into
the mechanism of release in di�usion studies (Levy et al.,
2015). It is solid at room temperature, thereby having po-
tential to be loaded into the pores of an FCC in future work
(Preisig et al., 2014). Although the use of aqueous solutions
would be more applicable to biological situations, in this
work adsorption from chloroform and ethanol/water solu-
tions was studied, in order to facilitate loading of the vanillin
onto the FCC, and to avoid the need for aqueous bu�ering
which could interfere with the adsorption processes.

As an example drug, the adsorption of acetylsalicylic
acid (aspirin) from aqueous ethanolic solutions is reported.
Aspirin is a widely studied non-steroidal anti-in�ammatory,
antipyretic and analgesic drug (Vane and Botting, 2003).

1.4 Surface properties of substrates

FCC is an amphoteric material typically showing electro-
chemical charge values of +22 and -17 �Eq g�1 in a polyelec-
trolyte titration versus the anionic polyelectrolye poly(vinyl
sulfate) potassium salt (KPVS) and the cationic polyelec-
trolyte poly(diallyldimethylammonium chloride) (Ganten-
bein et al., 2012). Previous research and zeta potential mea-
surements onto FCC surfaces have yielded complex results,
suggesting that there must be both cationic and anionic sur-
face adsorption sites (Gribble et al., 2010). The material is
not suitable for measurements of its cation exchange capacity
(CEC).

1.5 Previous studies of adsorption onto minerals

Gane et al. (2000) have shown that all dyes with a cationic
charge show a strong adsorption onto anionically dispersed
GCC. This indicates that coulombic forces contribute the
strongest part of the adhesion force and is in agreement
with the adsorbing mechanisms of ink jet dyes. Acidic dye
molecules have a signi�cantly weaker adhesion mechanism
in which it is assumed that the COOH-groups probably inter-
act with free surface of the calcium carbonate. Dyes with an
anionic colorant revealed no adsorption onto slightly anion-
ically dispersed calcium carbonate surfaces, suggesting the
possible existence of shielded cationic sites (Lamminmäki
et al., 2011). In practice, ink jet dyes are usually anionic, and
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Fig. 1 Molecular structures of the four adsorbates: a) BTMAB, b)Na2NS, c) aspirin and d) vanillin.

ink jet paper coatings must therefore be cationised, at high
cost.

Kallio et al. (2006) studied the adsorption of Food Black
2 (a diazo dye) onto coating pigments from polar liquids,
such as water and ethanol, and from non-polar cyclohexane.
They similarly concluded that electrostatic interactions are
the predominating driving force for adsorption onto a variety
of minerals, such as kaolin, calcium carbonate, and talc.
These interactions are hydrophobic in the case of talc.

With respect to drugs, Mahato and Narang (2012) have
found that adsorption generally increases as the ionization
of the drug is suppressed, so that the extent of adsorption
reaches a maximumwhen the drug is completely un-ionized.
For amphoteric compounds, adsorption is at a maximum at
the isoelectric point. pH and solubility e�ects act in concert
since the un-ionized form of most drugs in aqueous solu-
tion has a low solubility. The physicochemical nature of the
adsorbent a�ects the rate and extent of adsorption through
changes in the molecular forces of attraction between the
adsorbate and the adsorbent. Other work on the e�ect of
changing the solvent showed that adsorption of actives onto
calcium carbonate was irreversible from chloroform, but not
from ethanol (Misra, 1991).

1.6 FCC microporosity

A recent work on di�usion from the microporosity of FCC
involved intruding samples with mercury up to 400 MPa
applied pressure, and deconvoluting their percolation char-
acteristics with PoreXpertfi (Levy et al., 2015). The software
generated a void network of the inter- and intraparticle pore
spacewith the samemercury percolation characteristic as the
FCC sample. Figure 2 shows a ‘unit cell’ of the intraparti-
cle void space, with features ranging from 4.2 to 178 nm in
diameter or edge size. The solid phase is shown transparent,
and the voidage shown solid. Pores with textured surfaces
are void clusters with sizes undi�erentiated by the mercury
porosimetry. There are periodic boundary conditions at each
surface of the unit cell, equivalent to each unit cell connecting
to in�nite replicates in each Cartesian direction. The struc-
turing has been highlighted by intruding 50 percent mercury
by volume (shown grey) from the top surface in the direction
shown. It can be seen that the percolation front is relatively

uniform with respect to distance from the top surface. Cor-
respondingly di�usion of the adsorbate into the sample prior
to adsorption, and out from the body of the sample, would
also depend primarily on depth from the surface rather than
any small-scale lateral variations.

1.7 Isotherms

We use the standard de�nition of adsorption density (�) (Pan
and Liss, 1998):

� =
(C0 � Ceq) Vtotal

Wsolid
(1)

where C0 is the initial concentration of adsorbate in solu-
tion, Ceq is the supernatant concentration after adsorption
has taken place, Vtotal is the volume of solution of concentra-
tion C0 used in an adsorption experiment, and Wsolid is the
weight of the adsorbent used during the adsorption experi-
ment.

In this work, adsorption is described by the Tóth
isotherm. This isotherm has the correct functionality at both
limits as Ceq ! 0 and Ceq ! 1, and has previously proved
useful for �tting isotherms of porous adsorbents (Rudzinski
and Everett, 1992). It has the form:

� = �max

 
(KL Ceq)m

1 + (KLCeq)m

!1=m

(2)

where �max is the adsorption at maximum equilibrium con-
centration solution Ceq, and KL is the Langmuir constant.
The �tting parameter m, loosely associated with surface het-
erogeneity when m , 1, yields the Langmuir equation when
m = 1. In the present work, the Tóth isotherm is used to de-
scribe adsorption of aspirin and vanillin from ethanol onto
FCC. In the presence of up to 20% by volume of added water
it becomes:

� = f 00(�max)
 

[KL f 0(Ceq) ]m

1 + [KL f 0(Ceq) ]m

!1=m

(3)

where the functions f 0 and f 00 describe the e�ect of water
on Ceq and �max respectively.
















