
Introduction

Polymer colloids present an attractive and increasing
interest in various domains, with relevance for the bio-
medical field [1]. For many years, polystyrene latexes
with several sizes have been prepared and widely used as
supports for diagnostic purposes. However, very few
systematic studies have been devoted to the use of
PMMA particles as colloidal supports, although these
particles can offer some advantages due to the higher
polarity of the polymer compared to polystyrene. The
synthesis of PMMA latexes has long been reported
mostly by free-radical polymerization in suspension [2],
dispersion [3, 4], emulsion [5, 6] and microemulsion [7].
Among these heterogeneous free-radical polymerization
procedures, the emulsion process proved to be the most
appropriate and versatile method to produce small and
monodisperse particles [8]. As methyl methacrylate has
higher solubility in water than styrene, homogeneous
and coagulative nucleation mechanisms are expected to

occur for surfactant-free or low surfactant concentra-
tions (i.e. below the CMC).

Since our interest is the preparation of a polymer
colloid support to study the immobilization, confor-
mation and dynamics of a protein (enzyme) by fluo-
rescence, several requirements should be fulfilled: (i) the
colloid should be transparent in the region of absorp-
tion of the intrinsic fluorophore (tryptophan) of
the protein; (ii) monodisperse low-size particles are
required to improve reproducibility and reduce the
scattering power of the latexes; and (iii) the surface
groups of the particles should be relatively stable to
hydrolysis and allow the covalent grafting of the
biological species.

Following these requirements we decided to prepare
PMMA particles bearing carboxylic groups at the sur-
face. A general synthetic procedure relies on the use of
minor amounts of unsaturated carboxylic acids such as
the acrylic or methacrylic acids. However, this procedure
gives latex particles exhibiting a complex surface
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morphology and undesired water-soluble polyelectro-
lytes [9]. In order to produce a smooth polymer–water
interface bearing a single stable surface group (carbox-
ylic acid), the latexes were prepared by emulsion poly-
merization using 4,4¢-azobis(4-cyanopentanoic) acid
(ACPA) as initiator and sodium dodecyl sulphate (SDS)
as emulsifier. Such a surfactant was selected since its low
CMC and its relatively good stabilizing efficacy allow
the production of low-sized latexes. The particle size and
size distribution were determined by dynamic light
scattering and the final latex dispersions were charac-
terized in terms of electrokinetic behaviour and colloidal
stability. This work is part of a research programme
devoted to the study of the immobilization of a re-
combinant enzyme (cutinase from Fusarium solani pisi)
onto a model polymer colloid.

Experimental part

Materials

Methyl methacrylate (Aldrich, 99% pure) was purified by distilla-
tion under reduced pressure. The 4,4¢-azobis (4-cyanopentanoic)
acid initiator (Aldrich-Sigma, 75% pure) was recrystallized from a
methanol/pentane mixture 1:1 (v/v). Sodium hydrogen carbonate
(Merck, p.a.), Triton X-405, a polyethylene oxide nonylphenol
ether with an average of 40 ethylene oxide (EO) units (Sigma, 70%
pure) and sodium dodecyl sulphate (Fluka Chemika, p.a.) were
used as received.

Preparation of PMMA nanospheres

A set of poly(methyl methacrylate) (PMMA) latexes were prepared
by emulsion polymerization using methyl methacrylate (MMA),
ACPA as initiator and Triton X-405 or SDS as surfactant. Two
reactors of 50 and 250 mL equipped with a glass anchor-type
stirrer running at 300 rpm, condenser and nitrogen inlet and outlet
were used in the preliminary and further studies, respectively. The
polymerizations were performed in an aqueous buffer solution
(10)2 M NaHCO3, pH 8.0–9.0) at constant temperature in the
interval of 70–80 �C.

Polymerization kinetics

The polymerization kinetics was followed by gas chromatography
(Perkin Elmer 9000 AutoSystem Gas Chromatograph) using an
HP-1 capillary column and flame ionization detector. The samples
were prepared by adding 50 lL of latex particles to 200 lL of an
ethanol/toluene mixture (0.2% v/v in ethanol). Operating condi-
tions were as follows: nitrogen flow rate 7.0 ml/min, oven tem-
perature (50 �C), injection temperature (220 �C) and recording
temperature (250 �C). After sample injection, its MMA content
was determined from a calibration curve that was fitted by a linear
expression according to Eq. 1,

AMMA=Atoluene
¼ 20:437� MMA½ � þ 0:006; r2 ¼ 0:999 ð1Þ

where Ai are the peak areas of the chromatogram and [MMA] is the
molar concentration of MMA monomer in the sample. The poly-
merization conversion, C, was then calculated using Eq. 2,

%C ¼ 100�
AMMA

Atoluene

� �
t0
� AMMA

Atoluene

� �
t

AMMA

Atoluene

� �
t0

ð2Þ

where the index t refers to the polymerization time, t0 being the
initial time before adding the initiator. For comparison the overall
conversions were also determined by gravimetry.

Particle characterization

The crude latex particles were cleaned by three cycles of centri-
fugation–redispersion using milli-Q water (deionized filtrated
water) in order to remove the surfactant, oligomers and residual
electrolytes. The conductivity of the serum decreased as a function
of washing steps before reaching a value close to the conductivity
of the used deionized water (�0.06 mS) after three cycles. The
latex dispersions were characterized at room temperature
(�23 �C) in terms of particle size, size distribution, morphology,
electrophoretic mobility, surface charge density and colloidal
stability.

Particle size and size distribution

The hydrodynamic diameter (Dp) and the polydispersity index
(Ip) of the latex particles were obtained by quasi-elastic
light scattering using both a Zetasizer (Malvern Instruments,
3000-HS model) and a light scattering apparatus (Brookhaven)
equipped with a 35-mW He laser (Spectra Physics, model 127)
and a BI-2030 AT autocorrelator. The morphology and size
distribution of latex particles were also examined by scanning
electron microscopy (Hitachi S2400). The samples were prepared
by placing a drop of the dispersion (0.1% p/v in milli-Q water)
directly onto a cold sample holder and drying at room tempera-
ture. All samples were sputtered with gold and analysed at a
voltage of 10 kV.

Electrokinetic behaviour

The electrophoretic mobility (le) of latex particles at several pH
and ionic strengths was determined by a Zetasizer (Malvern
Instruments, 3000-HS model). The pH was adjusted by adding
HCl or NaOH to a solution of constant ionic strength (10)3M
NaCl). The salinity was varied between 10)5and 10)1 M NaCl at
pH 6.

Colloidal stability

The colloidal stability of the latex dispersions was studied by tur-
bidimetry (k=350 nm) using a UV–Vis spectrophotometer (Shi-
madzu UV-3101 PC). The turbidity was determined at several
pH �3–7 and constant ionic strength (10)2 M NaCl) and at pH 6
with varying ionic strength (0.03–0.08 M NaCl). The latexes were
rapidly diluted in the desired medium, and the time evolution of the
turbidity immediately recorded. The apparent coagulation rate
constants, kcoag, were calculated as the initial slope of the optical
density (OD) versus time t [10],

kcoag ¼
@OD
@t t¼0

ð3Þ

The stability factor (W) was defined as the ratio of fast (kf) to slow
(ks) coagulation rate constants,

W ¼ kf
ks

ð4Þ
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Results and discussion

Preliminary studies

To synthesize monodisperse PMMA latexes with a
particle size �100 nm, various recipes (see Table 1) were
investigated varying the surfactant (Triton X-405 and
SDS), temperature, initiator (ACPA) and surfactant
concentrations. Table 2 summarizes the results obtained
for the overall polymerization conversion, Cp, and the
characterization of the latexes in terms of size and
polydispersity.

The first runs planned to study the effect of the initi-
ator concentration (pmma§1 to pmma§3) for a constant
amount of Triton X-405 (�3.5 CMC). By decreasing the
initiator concentration the hydrodynamic particle size
does not vary substantially, having a diameter around
107 nm. The desired particle size was reached, but
unfortunately the size distribution was too high (Ip=0.13
and 0.18), increasing with the concentration of initiator.
This behaviour can in principle be attributed to the low
stability of the formed particles during the nucleation
step. Nevertheless, by increasing the amount of Triton
X-405 (i.e. 4 CMC in pmma§4 and pmma§5 runs) the
polydispersity index was not improved.

The broad size distribution can result from several
sources: (i) the poor stabilizing effect of the Triton X-405
despite the high concentrations used; (ii) aggregation of
the particles induced by a salt effect brought about by
the ACPA; (iii) combination of both micellar and
homogeneous/coagulative nucleation mechanisms dur-
ing the polymerization, which could be favoured if the
polyethylene oxide-based surfactant partitions between
the organic and aqueous phases, as was shown before
for Triton X-405 [11, 12]; and (iv) the presence of a steric
and viscous layer formed by the adsorbed nonionic
surfactant that decreases both the free radical entry and
exit rate constants [13], favouring the aqueous
media Creactions and hence perturbing the nucleation
mechanism and its duration.

Suspecting that the main cause of the high poly-
dispersity came from the poor stabilizing effect of the
nonionic surfactant (Triton X-405), the next runs were
made using an ionic surfactant, SDS. This time the

temperature was decreased from 80 to 70 �C in order
to slow down the decomposition rate of the initiator.
The first run was performed at the CMC of SDS
(pmma§6), and produced small particles (Dp�50 nm)
with a better polydispersity. In order to increase par-
ticle size, the SDS concentration and the solid content
were adjusted while maintaining the temperature and
the amount of the initiator. The variation of the SDS
concentration to 1/2 and 1/4 CMC (pmma§7 and
pmma§8, respectively) resulted in an increase of par-
ticle diameter (Dp�63, 84 nm for pmma§7 and
pmma§8, respectively). Finally, maintaining the SDS
concentration equal to 1/4 CMC and increasing the
solid content (pmma§9), the targeted particle size and
size distribution were achieved.

Based on these preliminary results, a systematic study
was performed focusing on the influence of SDS con-
centration on the polymerization kinetics.

Final results

Polymerization kinetics

Table 3 summarizes the recipes used for the preparation
of the latex particles. In each recipe, the concentrations
of initiator and MMA were maintained constant, while
the concentration of SDS was varied below the CMC.
Figure 1 shows the polymerization conversion curves

Table 1 Preliminary polymeri-
zation recipes Latex MH2O (g) MACPA/ (g) MMMA/ (g) MTriton/ (g/100 g) MSDS/ (g/100 g) T/ ( �C)

pmma_1 55 0.050 2.5 0.32 0 80
pmma_2 55 0.025 2.5 0.33 0 80
pmma_3 55 0.012 2.5 0.33 0 80
pmma_4 55 0.013 2.5 0.38 0 80
pmma_5 55 0.025 2.5 0.38 0 80
pmma_6 55 0.051 2.5 0 0.121 70
pmma_7 55 0.051 2.5 0 0.066 70
pmma_8 55 0.051 2.5 0 0.033 70
pmma_9 55 0.051 5.0 0 0.034 70

Table 2 Hydrodynamic particle diameter (Dp), and polydispersity
index (Ip) and overall conversions (% Cp) for the PMMA latexes
prepared in the preliminary studies

Latex Dp /(nm) Ip % Cp

pmma_1 107 0.18 81.4
pmma_2 107.1 0.13 92.1
pmma_3 – – 70.9
pmma_4 97.6 0.21 82.1
pmma_5 96.7 0.26 81.4
pmma_6 50.6 0.048 85.0
pmma_7 62.6 0.040 85.2
pmma_8 84.2 0.029 87.4
pmma_9 106.1 0.032 92.4
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versus time followed by gravimetry and gas chroma-
tography.

The polymerization was allowed to proceed up to a
conversion of 90 or 95%, although a �85% conversion
was obtained for all runs after 30 min. The overall rate
of emulsion polymerization Rp, when the main loci of
polymerization are the swollen PMMA particles, is given
by Eq. 5,

Rp ¼ �
d M½ �

dt
¼ kp

enNp

NA
M½ �p ð5Þ

where kp is the polymerization rate constant for the
homogeneous reaction, Np is the particle number den-
sity, [M]p is the concentration of monomer in the par-
ticles, NA is the Avogadro number and ñ is the average
number of radicals per particle [14]. Knowing the
polymerization rate constant, kp=1050 M)1s)1 [15], the
value of ñ can be calculated from Eq. 5, since Rp is
accessible from the experimental conversion curve and
Np from the mass of polymerized monomer and the
particle size. Table 4 summarizes the overall polymeri-
zation rate (Rp), the particle number density (Np) and
average number of radicals per particle (ñ).

The increase of SDS concentration in the polymeri-
zation recipe enhances the initial polymerization rate by
increasing the particle number and/or reducing the
nucleation period. The average number of radicals per
particle is much higher than 1/2 and decreases as SDS
concentration increases. Such behaviour may be ex-
plained by the Trommsdorff effect considering pseudo-
bulk conditions [16]. At higher conversions, the viscosity
inside the particle increases and consequently the exit of
the radicals from the particles is hindered. Then, the
decrease of ñ with the SDS concentration reflects the
effect of the particle size on the number of radicals per
particle.

Figure 2 shows the variation of the hydrodynamic
particle size (Rh) with %C1/3. A straight line can be
drawn through the experimental points, meaning that
the particle number is constant during the polymeriza-
tion, which corroborates the efficient stabilizing effect of
the surfactant and the occurrence of a rapid nucleation.

Figure 3 shows the log–log plot of the particle num-
ber density versus the surfactant concentration, [SDS].
The experimental points follow the scaling law,

Np / SDS½ �0:98: The exponent 0.98 is higher than the
values found for hydrophobic monomers such as styrene
[16], whose values were summarized by Fitch et al. [17].
For the emulsion polymerization of MMA in the pres-
ence of SDS, values of 3, 3.87 and 1.08 were obtained by

Table 3 Latex recipes

Latex MH2O (g) MACPA/ (g) MMMA/ (g) [SDS]/
(g/100 g)

pmma§1 250 0.208 21 0.0443
pmma§2 250 0.208 21 0.0550
pmma§3 250 0.208 21 0.0733
pmma§4 250 0.208 21 0.110
pmma§5 250 0.208 21 0.147

Fig. 1a,b % Conversion versus polymerization time for the MMA
emulsion polymerizations of pmma§1 (n), pmma§2, 3 (m), pmma§4
(+) and pmma§5(·). The conversion was obtained by gravimetry
(a) and gas chromatography (b)
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using potassium persulphate, Fenton�s reagent and the
persulphate/bisulphite/iron(II) redox system as initiator,
respectively [17]. The discrepancy in the exponents may
be attributed to differences in both the surfactant con-
centration and the experimental conditions.

Latex characterization

Particle size and size distribution

The PMMA latex particles are spherical and very nar-
rowly size distributed as shown by the scanning electron
microscopy (SEM) images (Fig. 4). The hydrodynamic
particle diameter (Dp) and polydispersity index (Ip) of
the latexes obtained by dynamic light scattering are
collected in Table 4. The small polydispersity indexes
obtained by these two techniques suggest that nucleation
is fast compared to particle growth, and also the absence
of a secondary nucleation step.

Electrokinetic behaviour

Figure 5 shows the electrophoretic mobility of the latex
dispersions as a function of pH. For all the range of pH

values the particles are negatively charged. This was
expected for pH>4.5 due to the dissociation of the
surface carboxylic acid groups. The data for pmma§1
and pmma§3 samples indeed suggest the presence of
carboxylic groups, which is not so obvious for pmma§4
and pmma§5. However, the negative charge at lower pH
probably could also originate from some SDS molecules
that remained strongly (physically and/or chemically)
anchored at the polymer particle surface. The presence
of these strong acid groups would more or less screen the
presence of COOH groups.

The zeta potentials (f) were calculated from the
maximum electrophoretic mobilities (le) using the
Helmholtz–Smoluchowski equation [18],

le ¼ ef=g ð6Þ

where e is the permittivity and g the viscosity of the
medium (g=0.89 cP at 25 �C). The surface potential
(Y0) and the shear plane position (D) were calculated
from the Eversole and Boardman equation [19],

Table 4 Particle number den-
sity (Np), overall rate of poly-
merization (Rp), average
number of radicals per particle
(ñ), diameter (Dp) and polydis-
persity index (Ip) for pmma§1–5
latexes

Latex Dp / (nm) Ip Np /(1016 L)1) Rp/(10
)3 M .s)1) ñ

pmma§1 116 0.015 7.5 1.3 13
pmma§2 114 0.017 8.4 1.1 9
pmma§3 103 0.022 – 1.2 –
pmma§4 89 0.022 17.9 1.5 6
pmma§5 82 0.001 23.7 2.0 6

Fig. 2 Variation of Rh vs %C1/3 for pmma§1(n) and pmma§4 (+).
The %C was obtained by gravimetry Fig. 3 Log–log plot of Np as a function of the SDS concentration
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ln tanh
ef
4kT

� �� �
¼ ln tanh

eW0

4kT

� �� �
� jD ð7Þ

where e is the electron charge, k the Boltzmann constant,
T the absolute temperature and j the reciprocal De-
bye length. The values of j (m)1) were calculated by
j=3.289·109Cs

1/2, where Cs is the concentration of
NaCl in mol L)-1 [20]. Figure 6 shows the plot of
� ln tanh ef

4kT

� �� �
versus j. The linear regression allows

the determination of Y0 and D from the intercept and
slope, respectively. The deviation from a straight line at
low ionic strengths was already observed in other sys-
tems, being attributed to the surface conductance and/or
the presence of a hairy layer interface in the particles [21].
In the present case, the thickness of the shear layer, D,
is within 10–14 Å and the surface potential, Y0, varies
between )74 and )95 mV. The small thickness of
the shear layer indicates the absence of a hairy layer
interface.

The latex surface charge density in the shear plane,
re, was estimated for a 1 mM NaCl solution (pH�10),
using the approximate Eq. 8, valid for low potentials
and plane interfaces.

re ¼ legj ð8Þ

The surface charge density in the shear plane, rf, was
also calculated from the more elaborate Helmholtz and
Gouy–Chapman equation [22], valid for higher poten-
tials and spherical interfaces,

rf ¼
enkT
Ze

� �
2 sinh

ZeW0

2kT

� �
þ 4

jR
tanh

ZeW0

4kT

� �� �
ð9Þ

Fig. 4a–d Scanning electron
microscopy images of the
nanospheres: pmma§1(a),
pmma§3 (b), pmma§4 (c) and
pmma§5(d)

Fig. 5 Electrophoretic mobilities (le) of pmma§1 (n), pmma§3 (m),
pmma§4 (+) and pmma§5(·) latex dispersions at various pH

values ([NaCl]=10)3 M)
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where n is the electrolyte concentration expressed in
ion/m3, Z the electrolyte charge and R the particle
radius.

The surface charge densities were obtained in basic
solutions to guarantee that all the carboxylic groups at
the surface were completely dissociated. Table 5 shows
the values of re and rf. The values agree reasonably well
and are almost independent of the SDS concentration.
The small values of the surface charge density are
characteristic of latex particles bearing charges coming
exclusively from the initiator.

Colloidal stability

The colloidal stability of the cleaned latexes was studied
by turbidimetry at several pH and ionic strength values
[23]. From the variation of the turbidity curves with time
the apparent coagulation rate constants, kcoag, were
calculated using Eq. 3. Fig. 7 shows the variation of
log kcoag versus pH (10)2 M NaCl) for pmma§1 and
pmma§3 latex dispersions.

Two regions can be distinguished, one below and
another above the pKa=4.5 of the carboxylic acid. For

pH<4.5 the aggregation rate constant is pH in-
dependent, while for pH>4.5, it decreases very rapidly
with pH. This is in agreement with the small surface
charge density, especially at pH<4.5, because of the
partial dissociation of the carboxylic acid groups,
whereas it substantially increases for pH>pKa.

The colloidal stability was then investigated as a
function of ionic strength (pH=6) by determining the
stability factor (W) from Eq. 4. The fast coagulation
rate constant was calculated from Eq. 3 at high ionic
strength (0.07–0.08 M NaCl), when the charges are
screened. The slow rate constants were obtained also by
Eq. 3 for several solutions with lower ionic strengths.
Fig. 8 shows a log–log plot of the stability factor (W)
as a function of the NaCl concentration (pH�6) for
pmma§4 and pmma§5 dispersions.

Values of W ‡ 1 correspond to stable dispersions
with slow coagulation rates, whereas values of W�1
designate unstable dispersions where fast coagulation
occurs. The critical coagulation concentration (CCC)
can be obtained from the stability plots (see Fig. 8), as
the ionic concentration at which the two lines drawn
through the experimental points of the two regions
intersect. Table 6 shows the CCCs for the pmma§1, 4

Fig. 6 � ln tanh ef
4kT

� �� �
versus j

for pmma§2 (d) and
pmma§5(·) latex dispersions

Table 5 Maximum electrophoretic mobility (le), zeta potential (f), surface potential (Y0), shear plane position (D) and electrokinetic
charge densities, re and rf, for pmma§1–5 latexes

Latex le (10
)8 m2V)1s)1)a f/ (mV) Y0/ (mV) D /(Å) re/(lC cm)2) rf / (lC cm)2)

pmma§1 )3.32±0.02 )42.2±0.3 )81.7 12.0 )0.307 )0.37
pmma§2 N.D.b N.D. -83.1 14.1 N.D N.D
pmma§3 )3.27±0.02 )41.6±0.3 )92.6 13.7 )0.303 )0.37
pmma§4 )3.14±0.05 )39.9±0.6 )74.0 14.2 )0.290 )0.36
pmma§5 )2.91±0.08 )37.0±1.0 )94.6 10.4 )0.269 )0.34

aAt basic pH and 10)3 M NaCl concentration
bN.D. Not determined
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and 5 latex dispersions. The CCC values are small
due to the electrostatic stabilization of the latexes,
which agrees with the low surface charge densities.
CCCs around 0.1–0.2 M were reported for anionic
or cationic polystyrene latexes at 20 �C [24, 25] and
higher values are found when steric stabilization exists
[26].

Considering the latexes as rigid spheres, an approxi-
mated relationship developed by Reerink and Overbeek
[27] from the DLVO theory [28] can be used to estimate
the Stern potential, Yd, from the variation of the sta-
bility factor, W, with the salt concentration, Cs. This is
expressed by Eqs. 10 and 11 where c is the surface po-
tential function [29] and Rh the particle radius.

� d log Wð Þ
d log CSð Þ

¼ 2:06� 109
Rhc2

Z2
ð10Þ

c ¼
exp ZeWd=2kT

� �
� 1

exp ZeWd=2kT
� �

þ 1
ð11Þ

Furthermore, the composite Hamaker constant (A121)
can be estimated from the critical coagulation concen-
tration (CCC), determined from the stability plots, using
Eq. 12 [29],

CCC ¼ 9:85� 104e3k5T 5c4

NAe6A2
121Z6

ð12Þ

where NA is the Avogadro number.
Table 6 also shows the Ydand A121 values for

pmma§4 and 5 latexes, calculated from Eqs. 11 and 12,
respectively. The Stern potential values, Yd, are very low
reflecting the small charge density. The A121 values are in
good agreement with those calculated for poly(methyl
methacrylate) (A121�1.05·10)20 J) and polystyrene
(A121�0.95·10)20 J) in water [30].

Conclusions

Monodisperse PMMA latex particles with small size
(80–120 nm diameter) bearing carboxylic acid groups at
the surface were prepared by emulsion polymerization
using 4,4¢-azobis(4-cyanopentanoic) acid as initiator and

Fig. 8 Log–log plot of the stability factor (W) as a function of the
electrolyte (NaCl) concentration for pmma§4 (m) and pmma§5 (·)
dispersions (pH 6)

Fig. 7 log kcoag as a function of pH for pmma§1 (n) and pmma§3
(+) dispersions ([NaCl]=10)2 M)

Table 6 Stern potential (Yd), critical coagulation concentration
(CCC) and composite Hamaker constant (A121) for pmma§1, 4 and
5 latexes

Latex CCC / (mol L)1) Slope Yd/ (mV) A121/ (10
)20 J)

pmma§1 0.058 N.D.a N.D. N.D.
pmma§4 0.060 )4.3 22.6 1.18
pmma§5 0.066 )3.4 20.8 0.96

aN.D. Not determined
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sodium dodecyl sulphate as surfactant. The particle size,
size distribution and surface charge density were con-
trolled by changing the SDS concentration. Polymeri-
zation rate and particle number density increased with
surfactant concentration (with an order dependency
near 1.0 within the investigated concentration range)
while the average particle size decreased. The maximum
electrophoretic mobilities at basic pH and deduced sur-
face charge densities were found to slightly decrease with
increasing SDS concentration. Coagulation studies fea-
tured an exclusive electrostatic stability mechanism, the
smaller values of the CCC compared with latexes bear-
ing sulphate groups indicating that the carboxylic

groups provided a lower stabilizing efficiency. These
PMMA colloids are being applied as supports for an
enzyme (cutinase) and the results on the adsorption
isotherms and immobilization have already been
published [31].
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