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Abstract

Although phytoliths, constituted mainly by micrometric opal, exhibit an important control on silicon cycle in superficial continental
environments, their thermodynamic properties and reactivity in aqueous solution are still poorly known. In this work, we determined the
solubility and dissolution rates of bamboo phytoliths collected in the Réunion Island and characterized their surface properties via elec-
trophoretic measurements and potentiometric titrations in a wide range of pH. The solubility product of ‘‘soil’’ phytoliths (pK0

sp ¼ 2:74 at
25 �C) is equal to that of vitreous silica and is 17 times higher than that of quartz. Similarly, the enthalpy of phytoliths dissolution reac-
tion ðDH 25�80�C

r ¼ 10:85 kJ=molÞ is close to that of amorphous silica but is significantly lower than the enthalpy of quartz dissolution.
Electrophoretic measurements yield isoelectric point pHIEP = 1.2 ± 0.1 and 2.5 ± 0.2 for ‘‘soil’’ (native) and ‘‘heated’’ (450 �C heating to
remove organic matter) phytoliths, respectively. Surface acid–base titrations allowed generation of a 2-pK surface complexation model.
Phytoliths dissolution rates, measured in mixed-flow reactors at far from equilibrium conditions at 2 6 pH 6 12, were found to be inter-
mediate between those of quartz and vitreous silica. The dissolution rate dependence on pH was modeled within the concept of surface
coordination theory using the equation:
m
;
R ¼ k1 � f> SiOH2

þgn þ k2 � f> SiOH0g þ k3 � f> SiO�g
where {>i} stands for the concentration of the surface species present at the SiO2–H2O interface, ki are the rate constants of the three
parallel reactions and n and m represent the order of the proton- and hydroxy-promoted reactions, respectively. It follows from the
results of this study that phytoliths dissolution rates exhibit a minimum at pH � 3. This can explain their good preservation in the acidic
soil horizons of Réunion Island. In terms of silicon biogeochemical cycle, phytoliths represent a large buffering reservoir, which can play
an important role in the regulation of silica fluxes in terrestrial aquatic environments.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Silicon is, in the form of tetrahedral SiO4 groups, a ma-
jor constituent of silicate minerals (feldspaths, amphiboles,
and pyroxenes) which represent more than 75% of the earth
surface rocks. Since the pioneering works of Sillén (1961),
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Mackenzie and Garrels (1966a,b), and Wollast and Mac-
kensie (1983), many studies have been aimed at character-
izing the global cycle of silicon, however, it is only recently
that the importance of the biogenic cycle of this element in
terrestrial environments has been recognized (Meunier
et al., 1999; Derry et al., 2005). Indeed, it has been shown
that a significant amount of silicic acid, that controls sili-
con transport in porewaters, can be trapped by plant roots
and precipitated in aerial tissues cells as micrometric opal
particles called phytoliths. Phytoliths are released during

mailto:fraysse@lmtg.obs-mip.fr
mailto:oleg@lmtg. obs-mip.fr
mailto:oleg@lmtg. obs-mip.fr


1940 F. Fraysse et al. 70 (2006) 1939–1951
organic matter degradation in litter horizon and subse-
quently transferred to deeper horizons or evacuated by aer-
ial or hydrographical ways (Bartoli, 1981; Piperno, 1988).
Alexandre et al. (1997) have shown that in Dimonika lato-
soils (Congo) the contribution of phytoliths to the flux of
dissolved silica exported from the weathering profile is
three times larger than that issued from non-biogenic sili-
cate minerals dissolution. Derry et al. (2005) demonstrated
the importance of plants in controlling the Si flux in
Hawaiian streams, and Pokrovsky et al. (2005) estimated
that at least 30% of total Si flux exported by Central Sibe-
rian rivers could be linked to plant litter degradation.
Another illustration of the important contribution of phy-
toliths to the silicon soil reservoir is given by Meunier et al.
(1999, 2001) who described, in the Réunion Island ando-
soils, a 15-cm thick layer of biogenic silica originated from
bamboos forest fires.

These results strongly suggest that silicon recycling by
plants could not be ignored during analysis of weathering
processes. At the present time, however, quantification of
this recycling is difficult due to the lack of data on the sur-
face properties, solubility and reactivity of natural phyto-
liths. The aim of this work is to acquire this necessary
information by applying several complementary physico-
chemical techniques to phytoliths collected in a soil horizon
of Réunion Island. Thanks to sufficient amount of phyto-
liths collected from this site, we were able, for the first time,
to characterize rigorously their physico-chemical properties
and reactivity. In this regard, Réunion phytoliths are un-
ique but they should be representative for all other phyto-
liths originated from bamboos.

2. Materials and methods

2.1. Phytoliths characterization

Phytoliths are formed by migration and precipitation, in
the lap of bamboos, of aqueous silica present in soil pore-
waters. Generally, after plant litter degradation, the phyto-
liths are released in the upper soil horizons. The phytoliths
investigated in this study originate from a 15-cm thick phy-
tolith rich horizon developed on the west side of the ‘‘Piton
des Neiges’’ volcano (La Réunion Island) around 745 years
ago after intense forest fires (Meunier et al., 1999). They
have been sampled at a depth of 20 cm in M horizon of
Table 1
Types of phytoliths used in this study

Type of
phytoliths

Origin Treatment SS

Soil Bamboo litter None

Heated Bamboo litter Heated at 450 �C

Fresh Fresh bamboo 1 N HCl washing +
heated at 450 �C
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SSA, specific surface area.
andosoils and are mainly represented by debris of leaves
and stems of Nastus borbonicus (Meunier et al., 1999).
The fresh phytoliths were extracted from contemporary
bamboo of the Réunion Island using the dry method (Kel-
ly, 1990) which consists in washing in 1N HCl plant pieces
(leaves, stems, and roots) and heating them in an oven at
450 �C during 6 h.

The phytoliths have a size between 2 and 60 lm and are
mainly composed of silica (�92 wt%), water (�6 wt%) with
some amount of carbon (1.7%), and traces of Al (0.04%)
and Fe (0.08%) (Meunier et al., 1999). They were sieved
to separate the particles smaller than 50 lm from large
plant debris.

Three types of samples were used in this study: ‘‘soil,’’
‘‘heated’’ and ‘‘fresh’’ phytoliths (Table 1). To prevent
the destruction of fine structure, ‘‘soil’’ phytoliths were
not subjected to any specific treatment after extraction
from the soil. These phytoliths were used in most experi-
ments performed in the present study. ‘‘Heated,’’ phyto-
liths were obtained by heating soil phytoliths at 450 �C
during 6 h to remove the organic matter by combustion.
‘‘Fresh’’ phytoliths were extracted from contemporary
bamboo (N. borbonicus) (Meunier et al., 1999). The specific
surface areas (SSA) of ‘‘soil,’’ ‘‘heated’’ and ‘‘fresh’’ bam-
boo phytoliths were 5.2 ± 0.1, 6.5 ± 0.1, and 159.5 ±
0.1 m2/g, respectively, as determined by N2 multipoint
adsorption using the BET method. The main reason for
the large differences in SSA of fresh and soil or heated phy-
toliths is the disappearance of fine structures of samples and
thin cell walls covered by silica due to phytoliths aging and
partial dissolution during several hundreds years in soil
horizon. Besides, the ‘‘fresh’’ phytoliths were prepared from
ground vegetation samples which could also decrease the
particle size as it was confirmed by the SEM observations.

The differential thermal gravimetry (DTG) analysis of
‘‘soil’’ phytoliths showed that they exhibited the same
weight loss (�6% at 50 �C) than amorphous silica (Baker
silicic acid: SiO2Æ2.2H2O) which corresponds to the removal
of non-structural water. ‘‘Soil’’ and ‘‘heated’’ phytoliths
exhibited similar diffuse reflectance infrared Fourier trans-
formed (DRIFT) spectra although the bands of aliphatic
carbon groups at 2960, 2925, and 2850 cm�1 disappear
after thermal treatment. The characteristic bands of SiOH
hydroxyls (3350 and 1630 cm�1) and Si–O–Si bands at
1092, 952, and 799 cm�1, also present on amorphous silica,
A (m2/g) Type of experiments

5.18 Solubility, electrophoresis, dissolution kinetics,
DTG, DRIFT, XPS, SEM

6.51 Surface titration, electrophoresis, dissolution kinetics,
DTG, DRIFT, XPS

9.5 Electrophoresis, dissolution kinetics
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were detected on both samples. Similar to previous studies
(i.e., Koretsky et al., 1997), evidence of H-bonded OH
groups was found after heating at 450 �C, although no
definitive identification of these groups as geminal
>Si(OH)2, vicinal >Si(OH), or residual H2O/H-bonded
surface groups was possible.

In order to characterize the surface composition of phy-
toliths, X-ray photoelectron spectroscopy (XPS) has been
used. XPS is a widespread method for the chemical analysis
of solid surfaces (i.e., Pokrovsky and Schott, 2000; Géla-
bert et al., 2004). Due to the shallow depth of X-ray beam
penetration inside the material (up to 10 nm), this tech-
nique allows quantitative analysis of phytoliths surface
without interference from the inner (bulk) of the solid.
‘‘Soil’’ phytoliths, ‘‘heated’’ phytoliths and ground ‘‘heat-
ed’’ phytoliths were analyzed via XPS. In this way, the inte-
rior composition of ‘‘heated’’ phytoliths could be
contrasted to that of their surface and to ‘‘Soil’’ phytoliths
by comparing XPS peak ratios for unground and ground
material, respectively. Analyses were conducted on an
ESCALAB VG 220i-XL spectrometer. A non-monochro-
matic twin Mg Ka X-ray radiation was used as the excita-
tion source at a power of 200 W. Analyzing pass energy of
20 eV with a step size of 0.10 eV was used. The reproduc-
ibility of measured atomic ratios for phytoliths surfaces
was better than 10% allowing to quantitatively measure
the surface concentrations of carbon, oxygen, and silicon.

2.2. Solubility measurements

The solubility of ‘‘soil’’ phytoliths was measured at 25, 50,
and 80 �C in 0.01 M NaCl solutions, at pH = 4, 6, and 8 ob-
tained by addition of 0.01 M HCl or NaOH solution. Phyto-
liths suspension of 16 g/L was prepared in 25 mL
polypropylene flasks and kept in an air thermostated cham-
ber at 25, 50, and 80 �C. The reaction progress was moni-
tored by measuring dissolved silica concentration as a
function of time. Five to six milliliters aliquots of the reacting
solution were removed at predetermined times for pH mea-
surement, centrifuged during 10 min at 2500g and filtered
through 0.22 lm cellulose ester membrane for aqueous silica
analysis. The samples were continuously shaken with an
automatic shaker. The pH of suspension remained stable
within 0.05 U as verified by periodical measurements.

Solution pH was measured using a combination glass
electrode (Mettler Toledo) calibrated with NIST buffers
(pH 4.01, 6.865, 9.18 at 25 �C). Precision of pH measure-
ments was ±0.01–0.005 U. The pH values at 50 and
80 �C were computed using MINTEQA2 (Allison et al.,
1991) from solution composition and pH measured at
25 �C. The uncertainty associated with these calculations
achieves 0.05 pH units. pH measurements at 25 �C in high-
ly acidic solutions of elevated ionic strengths (pH < 2) were
performed after electrode calibration during titration of
nitrogen-saturated 0.1–1.0 M NaNO3 solutions by stan-
dardized 0.1–1 M HCl solutions and computing aH+ using
the Davis equation which has been shown to be valid to
0.7 M ionic strength (Pokrovsky and Savenko, 1992,
1996). Precision of pH measurement was ±0.02 U at
1 6 pH 6 3 and ±0.03 U at pH < 1.

Aqueous silica concentration was determined using the
molybdate blue method and a Technicon Autoanalyser II
with an uncertainty of 2% and a detection limit of
7 · 10�7 M.

2.3. Electrophoretic measurements

Microelectrophoresis, which is a powerful technique for
characterization of the electric double layer (EDL) of dis-
persive particles (see Hunter, 1989; Lyklema et al., 1998;
Van der Wal et al., 1997; for principles and discussions),
was used to determine the phytoliths zeta potential (f) as
a function of pH and ionic strength and thus to quantify
the pH of the isoelectric point (pHIEP) when f is equal to
zero.

Phytoliths electrophoretic mobilities were determined
using a microelectrophoremeter (‘‘Zetaphoremeter IV’’ Z
4000, CAD Instrumentation) following the technique de-
scribed elsewhere (Gélabert et al., 2004; Pokrovsky and
Schott, 2004).

The electrophoretic mobility of the particles was con-
verted into zeta potential using the Smoluchowski–Helm-
holtz equation.

f ¼ ðe� lEÞ
ð4p� gÞ ; ð1Þ

where f stands for the zeta potential (mV) and e, g, and lE

represent the dielectric constant of the solution, the viscos-
ity and the electrophoretic mobility, respectively. Because
of its simplicity, Smoluchowski’s equation is widely used
for calculating zeta potentials from the electrophoretic
mobilities of quartz (Li and De Bruyn, 1966; Kosmulski
et al., 2002), silicas (Xu et al., 2003; Gun’ko et al., 2005),
carbonates (Pokrovsky et al., 1999) and biological materi-
als (Van der Wal et al., 1997; Wilson et al., 2001). Note that
the use of more sophisticated equations for calculating zeta
potentials of natural phytoliths suspension is not feasible
due to (i) the absence of information on surface conduc-
tance and (ii) irregular shape of bamboo’s phytoliths debris
precluding to use the theory of electrokinetic migration of
spherical particles.

Experiments were performed in solutions of ionic
strength and pH ranging from 0.001 to 0.05 M (NaCl,
HCl, and NaOH) and 1.5–11, respectively. Typically, three
replicates were carried out at each pH value providing an
uncertainty of ±10%.

2.4. Surface titration

Acid–base surface titrations, aimed at determination of
phytoliths surface electric charge as a function of pH, were
performed using a DL70ES Mettler Toledo automatic
titrator equipped with a high resolution (0.1 mV) pH-me-
ter. Experiments were performed at 25 �C with ‘‘heated’’
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phytoliths, vitreous silica (Prolabo) and silicic acid
SiO2Æ2.2H2O (Baker) having surface areas of 6.5, 4.85,
and 462 m2/g, respectively. Prior the titration, solid suspen-
sions were let equilibrate with the electrolyte solution for
2 h. Standardized 0.02 M NaOH and 0.01 M HCl solutions
were used for titration of background electrolytes (0.01,
0.05, and 0.5 M NaCl) and 20 g/L phytoliths suspensions
in 0.01, 0.05, and 0.5 M NaCl. The suspensions were con-
tinuously stirred and purged with N2 gas. After electrode
calibration, the solutions were acidified to pH = 4 ± 0.2
by adding known amount of HCl, and titration started
with automatic injection of 5–50 lL of volume of NaOH
with a pH step of 0.1–12 mV. For each titration point,
the pH was recorded once the steady state conditions were
achieved (potential drift < 0.5 mV/min).

The excess surface proton concentration [H+]s at each
pHj titration point (j) was calculated as

½Hþ�s ¼ ðCajðsuspensionÞ � CajðelectrolyteÞÞ
� ðCbjðsuspensionÞ � CbjðelectrolyteÞÞ; ð2Þ

where Caj and Cbj correspond to the concentrations of acid
and base (mol/L) for the jth addition of titrant to phyto-
liths suspension or background electrolyte at the same pHj.

The surface charge (Q) is defined as

Q ¼ ½H
þ�s

m� S
; ð3Þ

where m is the mass concentration of phytoliths in solution
(g/L) and S is their specific surface area (m2/g). Release of
silica in solution during the titration of amorphous SiO2 is
known to affect strongly the surface charge determination
via potentiometric titration at alkaline pHs (i.e., Goyne
et al., 2002). Regular measurements of [Si] in phytoliths
suspension subjected to titration at pH above 7 allowed
to account for the effect of bulk solid dissolution and
hydroxyl ions consumption; these corrections never exceed-
ed 10% of total amount of adsorbed OH� ions.

2.5. Dissolution kinetics

Phytoliths dissolution rates were measured in continu-
ously stirred mixed flow reactors having �30 mL volume
Fig. 1. Schema of a flow through
(Fig. 1) and plunged in a thermostated water-bath at
25 ± 0.5 �C. In each reactor, from 0.2 to 0.5 g phytoliths
were kept suspended using a Teflon coated suspended stir-
bar driven by a magnetic stir plate located beneath the
reactor. The solution left the reactor through a 2.5-lm pore
size polypropylene filter (Millipore) mounted on a 47-mm
diameter polypropylene filter holder. Solutions were inject-
ed in the reactor by a peristaltic pump allowing adjusting
the flow rate between 0.1 and 1 mL/min. Reacting solu-
tions were prepared at an ionic strength of 0.01 M (NaCl,
NaOH, and HCl) and pH ranging from 2 to 12. At
pH < 2, a constant ionic strength of 0.1 M (NaCl + HCl)
was maintained.

The rate of phytoliths dissolution (R, mol/cm2/s) was
calculated as

R ¼ ðCout � CinÞ � Q
m� S

; ð4Þ

where Cout and Cin represent silica concentration in output
and input fluids (mol/L), respectively, Q is the flow rate (L/
s), m is the mass of phytoliths in the reactor (g) and S is the
initial specific area of phytoliths (cm2/g). The evolution of
phytoliths BET specific surface area (SSA) in the course of
dissolution has been monitored at pH = 7.5 ± 0.2. Unlike
quartz SSA that increases with the mass of quartz dissolved
(Gautier et al., 2001), phytoliths SSA decreases by about
30% after 1 month reaction corresponding to dissolution
of 30% of initial mass. Such a decrease in specific surface
area is likely related to the preferential dissolution of fine
particles adhering to phytolith surface or microstructure
heterogeneities.

3. Results and discussion

3.1. Phytoliths solubility

Aqueous silica concentrations measured as a function of
time exposure at 25, 50, and 80 �C and pH = 4, 6, and 8
(measured at 25 �C) are listed in Table A1 of Appendix
A. The evolution as a function of time of aqueous silica
concentration at 25 and 50 �C for the three investigated
pH values is reported in Figs. 2A and B. It can be seen that
reactor used in experiments.



Table 2
Soil phytoliths solubility

Temperature (�C) CSiO2
mmol=L logK�sp phytoliths

25 1.83 �2.74
50 2.38 �2.62
80 3.6 �2.44

Silica concentrations at steady state and pH = 8.00 ± 0.05 and logK�sp, as
a function of temperature.
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Fig. 2. Batch silica concentration of soil phytoliths as a function of
reaction time at pH = 4, 6, and 8, I = 0.01 M, at 25 �C (A) and 50 �C (B).
The symbols represent the experimental data and the dashed connecting
lines help to visualize the dissolution trend.
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phytoliths dissolution rate and consequently the approach
of equilibrium depend both on temperature and solutions
pH. At pH 4 and 6, attainment of steady-state silicic acid
concentrations was not reached even after 480, 75, and
40 days at 25, 50, and 80 �C, respectively. Steady-state Si
concentration was only reached at pH 8 and equals
0.00183, 0.00238, and 0.0036 M at 25, 50, and 80 �C,
respectively. Assuming that these values correspond to
the equilibrium between the phytoliths and aqueous solu-
tion, it was possible to calculate phytoliths solubility prod-
uct (K�sp) from

SiO2ðsÞ þ 2H2O ¼ H4SiO�4ðaqÞ; K�ðaqÞ ð5Þ

taking into account silicic acid first hydrolysis (concentra-
tion of H2SiO4

2� represented less than 1% total aqueous
silica at our experimental conditions)

H4SiO�4ðaqÞ ¼ H3SiO�4 ðaqÞ þHþ; K1 ð6Þ
and aqueous silica mass balance

½SiO2ðaqÞ�tot ¼ ½H4SiO�4ðaqÞ� þ ½H3SiO�4 ðaqÞ� ð7Þ

where [i] stands for the molality of species i.
Combination of Eqs. (1)–(3) yields the following expres-

sion for Ksp
� :

K�sp ¼ aH4SiO�4
¼ ½H4SiO�4ðaqÞ� ¼

bSiO2ðaqÞc
1þ K1

cH3
SiO�4 �aHþ

� � ; ð8Þ

where K1 is taken from Busey and Mesmer (1977)
(K1, 25 �C = 10�9.82; K1, 50 �C = 10�9.51; and K1, 80 �C

= 10�9.23) and cH3SiO4
� the activity coefficient of H3SiO4

�

is calculated using the Davies equation (Allison et al.,
1991). Note that the uncertainty associated with pH calcu-
lations at 50 and 80 �C (0.05 pH units, see Section 2.2) do
not affect the calculation of Ksp

� at pH � 8 using Eq. (8) as
K1, 80 �C = 10�9.23. Values of the logarithm of phytoliths
solubility product derived in this study are listed in Table
2. These values, together with corresponding values for
quartz and amorphous silica (Rimstidt and Barnes,
1980), are plotted as a function of reciprocal temperature
in Fig. 3. It can be seen that the solubility product of phy-
toliths is slightly lower than that of amorphous silica but
�10 times higher than that of quartz. The enthalpy of phy-
toliths dissolution derived in this study from the Van’t Hoff
equation

o ln K
oT

¼ DH r

RT 2
ð9Þ

ðDH 25�80�C
r ¼ 10:85 kJ=molÞ is comparable with corre-

sponding value for amorphous silica (14.44 kJ/mol; Rims-
tidt and Barnes, 1980) but is significantly lower than the
enthalpy of quartz dissolution (25.63 kJ/mol; Rimstidt
and Barnes, 1980). These differences between both the
Gibbs free energy and enthalpy of dissociation of quartz
and amorphous silica and phytoliths are likely to originate
from a wider range of ÆSi–O–Siæ bond angles in phytoliths
and amorphous silica rather than changes in Si–O distance
as reflected by 29Si MAS-NMR spectroscopy of these phas-
es (Navrotsky, 1994; Schott et al., 2002).

3.2. Electrophoretic measurements

Results of electrophoretic measurements are listed in
Table A2 of Appendix B and illustrated in Figs. 4A and
B that represent phytoliths zeta potential (f), determined
in 0.001, 0.01, and 0.05 mol/L HCl/NaCl/NaOH solutions,
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as a function of pH at 25 �C. Phytoliths exhibit a negative
zeta potential at pH > 1.5 which reflects their surface bear-
ing a negative charge. Like for the other silica phases, f
absolute value increases with increasing pH and ionic
strength. The pH of isoelectric point (pHIEP) was deter-
mined by linear extrapolation of f–pH plots obtained at
different ionic strengths to zero zeta potential; in this re-
gard, the pHIEP can be considered as common intersection
point. The pHIEP of ‘‘soil’’ phytoliths is 1.2 ± 0.1 which is
comparable to that of quartz (pHIEP = 1.5–3) but lower
than that of amorphous silica (pHIEP = 2–4). The pHIEP

of ‘‘heated’’ phytoliths (i.e., organic matter-free) is higher
(pHIEP = 2.5 ± 0.2, Fig. 4B). This difference can be ex-
plained by the interaction of neutral and negatively
charged organic moieties with >SiOH2

+ surface groups
that prevents the latters to contribute to positive surface
potential. Indeed, the XPS analysis of different phytoliths
revealed strong enrichment of ‘‘soil’’ phytoliths surface in
organic carbon compared to heated and grinded phytoliths
(Table A3 of the Appendix C).

The only work available on phytoliths’ electrophoretic
properties is that of Bartoli (1985) who reported a
pHIEP � 5 for phytoliths from conifers and beeches. How-
ever, his phytoliths contained more aluminum than those
investigated in the present study (8 versus 0.14 Al2O3

weight %) and are likely to be contaminated by Al oxi-
des/hydroxides. Because the pH of isoelectric point for alu-
minum oxides (�8.5–9) is much higher than that of SiO2, it
is possible that the aluminol surface groups (>AlOH2

+) in
phytoliths of Bartoli (1985) provide an overall positive
charge in the acid pH region.

3.3. Surface titration and surface complexation model

Results of surface potentiometric titrations are illustrat-
ed in Fig. 5 and reported in Table A3 of Appendix C. The
surface charge is negative at pH > 4.5 like it is the case for
other silicon oxides (Stumm, 1992) and it increases with the
increase of the ionic strength (I). These results have been
fitted using FITEQL program (Herbelin and Westall,
1996) for I = 0.01, 0.05, and 0.5 M, assuming the constant
capacitance of the electric double layer (CCM) and a den-
sity of surface silanol groups of 16 lmol/m2, a value often
used in surface complexation modeling (e.g., Sverjensky
and Sahai, 1996).

Accurate simulation of phytoliths surface charge re-
quired values of the capacitance C of the electric double
layer of 3, 13, and 35 F/m2 for I equal to 0.01, 0.05, and
0.5 M, respectively (C = I1/2/a with a = 0.025 ± 0.05), that
are significantly higher than those commonly adopted for
silica-solution interfaces (i.e., C = 0.4–1.7 F/m2 for
I = 0.7 M, Dixit and Van Cappellen, 2002). The high value
required for the EDL capacitance results from the very
high surface charge built up found in this study on phyto-
liths surfaces. Artifacts of our experimental titrations
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Fig. 5. The surface charge density of heated phytoliths (20 g/L) as a function of pH measured at 25 �C and various ionic strengths: 0.01 M (squares),
0.05 M (circles) and 0.5 M (triangles). The curves were generated from the surface complexation model developed in this study. They are compared to
surface charge density of two types of silica measured as a function of pH at I = 0.05 M and 25 �C: Baker amorphous silica (5.2 g/L, solid diamonds) and
vitreous silica (20 g/L, open diamonds).
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procedure cannot explain this high surface charge because
additional potentiometric titrations we performed on vitre-
ous silica (SSA = 4.85 m2/g) and silicic acid
(SSA = 462 m2/g) did not reveal ‘‘unusual’’ OH� adsorp-
tion (Fig. 5) and could be fitted with usual values of the
EDL capacitance (C � 0.4–1.3 F/m2 for I = 0.05 M).

This high surface charge is not related to the surface
contamination of heated phytoliths by XPS-detectable
organic or inorganic substances as the analyses of ‘‘intact’’
and finely ground ‘‘heated’’ phytoliths did not demonstrate
any differences in elementary chemical composition of first
100 Å of the surface (Table A4 of Appendix D). Note also
that one cannot invoke a higher surface sites density to ac-
count for such a high surface charge as the sites density
selected in this study (16 lmol/m2) corresponds to the max-
imal value for a monolayer surface coverage and there is no
reason to assume that the adsorption of OH� occurs within
multiple surface layers of the biogenic opal. Thus, there is
not straightforward explanation for phytoliths high surface
charge found in this study, but the presence of trace
amounts of surface groups accommodating hydroxyl ions
at alkaline pH and/or the development of an OH� perme-
able surface layer not accurately quantified by BET surface
measurements can not be excluded. In this regard, note
that Hiemstra et al. (1996) show that on silica surfaces, sin-
gly coordinated groups are present in isolated pairs, pro-
truding the surface and thus creating a layer penetrable
for water molecules. He further argued that this type of
surface structure is responsible for the relative high stern
layer capacitance.

The best fit to the experimental data was achieved with
log K10 = �7.67 ± 0.1, �7.73 ± 0.1, and �7.50 ± 0.1 for
I = 0.01, 0.05, and 0.5 M, respectively, for the deprotona-
tion reaction
> SiOH� �Hþ ¼> SiO�; K10 ð10Þ
The stability constant of silanol group protonation
reaction

> SiOH� þHþ ¼> SiOH2
þ; K11 ð11Þ

could be assessed from the pHIEP of ‘‘heated’’ phytoliths
(Section 2.5) using the relationship

pHIEP ¼ ðpK10 � pK11Þ=2 ð12Þ
that gives pK11 = 2.67 ± 0.1 for I = 0.01 M.

It can be seen from Fig. 5 that a reasonable agreement
between the model and the experimental data is observed
for the three ionic strengths investigated.

3.4. Dissolution kinetics and behavior of phytoliths in natural
settings

Scanning electron microphotographs of ‘‘soil’’ phyto-
liths obtained before and after dissolution experiments,
during 1 month at pH 7.5 ± 0.2 are presented in Figs.
6A–C, respectively). No major change in morphology of
grains was observed but the disappearance of fine particles
adhering to surface of initial grains is worth nothing. The
last observation is in accord with SSA decrease from 5.18
to 3.58 m2/g (Section 2.5). ‘‘Fresh’’ phytoliths exhibit fine
structures of samples and thin cell walls covered by silica
(Fig. 6D) consistent with their much higher surface area.

Mechanical steady-state conditions (corresponding to
five times renewing of solution in the reactor as indicated
by vertical dashed lines in Fig. 7) were achieved after 8 h
to 3 days depending on the flow rate. Examples of chemical
steady-state attainment are presented in Fig. 7 where the
outlet Si concentration is plotted as a function of time
for different pH and flow rates. It can be seen that at



Fig. 6. (A) SEM photomicrograph of soil phytoliths before dissolution in mixed-flow reactor at 25 �C, S = 5.18 m2/g. (B and C) SEM photomicrograph of
soil phytoliths after 1 month of dissolution in mixed-flow reactor at 25 �C and pH = 7.5 ± 0.2, S = 3.58 m2/g. The overall massive shape of soil phytoliths
remains unchanged and no new pores and pit holes were formed. (D) SEM photomicrograph of fresh phytoliths after 18 days at pH 2.
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pH = 3.03, 7.55, and 9.34, after 15, 25, and 6 days (corre-
sponding to 77, 115, and 90 reactor volumes of input solu-
tion passed through the reactor), respectively, outlet Si
concentration remains constant within ±10% which was
considered as the steady-state concentration used to calcu-
late dissolution rates.
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Values of steady state dissolution rates obtained at ionic
strength from 0.01 M (NaCl, NaOH, and HCl) to 0.1 M
for all types of phytoliths are listed in Table 3 and plotted
as a function of pH in Fig. 8. For comparison, correspond-
ing results reported for quartz and vitreous silica by Dove
and Elston (1992) and Wirth and Gieskes (1979), respec-
tively, are shown in this figure. No significant differences
in the BET surface-normalized dissolution rates of all three
types of phytoliths were detected.

It can be seen that the rate data define three pH regions.
In strongly acidic solutions (pH < 2), rates increase with
aH+. At 2 6 pH 6 3–4, the rates are independent on pH
and exhibit a minimal value of 5 · 10�17 mol/cm2/s. At
pH from 4 to 12, rates increase with pH with a slope of
0.33 very close to that measured for quartz and amorphous
silica.
Table 3
Dissolution rates R of bamboo phytoliths in mixed-flow reactor at 25 �C

Exp. No. Flow (ml/min) [Si] (lmol/L) pH R (mol/cm2/s)

Soil phytoliths, Sinitial = 5.18 m2/g; Sfinal = 3.58 m2/g at pH = 7.5 ± 0.2,

m = 0.5 g

1–26 0.076 10.10 1.00 ± 0.1 1.65E�16
1–27 0.076 3.29 1.32 5.36E�17
1–25 0.083 2.93 2.00 ± 0.1 5.22E�17
1–24 0.084 3.21 2.97 5.78E�17
1–23 0.078 8.76 4.17 1.47E�16
1–8 0.22 1.71 4.94 2.42E�16
1–11 0.21 2.07 5.07 2.80E�16
1–1 0.22 2.22 5.10 ± 0.1 3.14E�16
1–12 0.21 2.04 5.19 2.76E�16
1–13 0.21 2.32 5.31 3.14E�16
2–1 0.22 2.82 5.32 3.99E�16
2–25 0.087 5.79 5.40 ± 0.1 3.24E�16
2–26 0.086 6.43 5.54 3.56E�16
2–27 0.087 7.08 5.81 3.96E�16
2–22 0.088 10.20 5.89 5.78E�16
1–22 0.06 105.00 6.73 1.35E�15
2–31 0.078 18.90 7.55 9.49E�16
1–31 0.08 45.10 8.00 ± 0.1 2.32E�15
2–32 0.198 70.0 8.78 8.92E�15
2–17 0.214 321.00 10.04 4.42E�14
2–19 0.215 312.00 10.54 4.32E�14
2–7 0.22 487.00 10.62 6.89E�14
2–6–2 0.08 1980.00 11.47 1.02E�13
2–5 0.21 1040.00 11.61 1.41E�13
2–18–2,3 0.08 1320.00 11.62 6.80E�14
2–6–1 0.20 1150.00 11.80 ± 0.1 1.48E�13
2–18–1 0.20 841.00 11.85 1.08E�13

Heated phytoliths, S = 6.51 m2/g, m = 1 g

3–26 0.059 20.10 1.02 2.94E�16
3–27 0.069 6.45 1.32 1.10E�16
3–25 0.064 8.00 2.00 ± 0.1 1.10E�16
3–24 0.083 8.57 3.00 ± 0.1 1.76E�16
3–21 0.58 372.00 11.28 5.35E�14

Fresh phytoliths, Sinitial = 159.5 m2/g and Sfinal = 73.93 m2/g (after

dissolution). m = 0.1 g for 2–36 and 3–32; m = 0.05 g for 1–36

2–36 0.081 2.17 3.02 1.76E�16
1–36 0.052 42.66 6.36 1.10E�16
3–32 0.196 53.00 7.00 ± 0.1 2.33E�15

0.05 M 6 I 6 0.1 M for pH < 2 and I = 0.01 M for pH > 2. Uncertainty
on pH values are ±0.05 U unless indicated.
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Fig. 8. Dissolution rates of soil, heated and fresh phytoliths as a function
of pH measured in mixed-flow reactor at 25 �C, I = 0.01 M for
2 6 pH 6 12 and I = 0.1 M for pH < 2. Symbols, experimental data; solid
line, rates of quartz (Dove and Elston, 1992); dashed line, rates of vitreous
silica (Wirth and Gieskes, 1979). Uncertainties of rate measurements are
within the size of symbols.
Phytoliths dissolution rates can be modeled within the
framework of the surface complexation approach (Stumm,
1992) assuming the rate is controlled by the protonation,
deprotonation, and hydrolysis of surface >SiOH groups
according to (Guy and Schott, 1989; Brady and Walther,
1990; Hiemstra and Van Riemsdijk, 1990; Schott, 1990;
Dove, 1996; Duval et al., 2002)

R ¼ k1 � f> SiOH2
þgn þ k2 � f> SiOH0g þ k3 � f> SiO�gm

;

ð13Þ
where {>i} stands for the concentration of the surface spe-
cies present at the SiO2–H2O interface, ki are the rate con-
stants of the three parallel reactions and n and m represent
the order of the proton- and hydroxyl-promoted dissolu-
tion reaction, respectively.

At pH > 6, a linear correlation (r2 = 0.95) is observed
between log R and log{>SiO�} consistent with m � 2.0
(Fig. 9). This suggests that the dissolution mechanism re-
quires two preceding deprotonation steps of SiOH groups
at the phytoliths surface, in agreement with previous results
on quartz (Knauss and Wolery, 1988) and amorphous sili-
ca (Wirth and Gieskes, 1979).

Assuming the order of the protonation reaction equals
to 1 like it is the case for quartz and vitreous silica (Duval
et al., 2002; Pokrovsky et al., 2006), Eq. (13) can be used to
fit our rate data in the full pH range. This fitting was per-
formed using non-linear equation by trials and error. The
dissolution rate modeling was performed with the surface
complexation model (SCM) derived from our surface titra-
tion results; for this, the rate data sets of ‘‘fresh,’’ ‘‘heated,’’
and ‘‘soil’’ phytoliths were compiled together for the fitting
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procedure, assuming the same dissolution mechanism for
the three types of phytoliths. The uncertainties attached
to parameters of Eq. (13) represent the range of best
fit to the rate data, defined as the sum of differences be-
tween measured and calculated points. Rates calculated
using Eq. (13) are described by the solid line in Fig. 10.
They yield

k1 ¼ ð2:0� 0:2Þ � 10�8 s�1; n ¼ 1:00� 0:01;

k2 ¼ ð3:13� 0:3Þ � 10�12 s�1;

k3 ¼ 0:03� 0:01 m2 mol�1 s�1; m ¼ 2:0� 0:2

for {>i} and R expressed in mol/m2 and mol/cm2/s, respec-
tively Eq. (13).
Because dissolution rates are proportional to the
BET surface, and the BET surface-normalized dissolu-
tion rates of ‘‘soil’’ and ‘‘fresh’’ phytoliths are similar,
one can suggest that, when dissolution rates are mass-
normalized rather than surface-normalized, the ‘‘fresh’’
phytoliths are about a factor 30 more reactive than
the old ‘‘soil’’ phytoliths. This, again, illustrates the
high importance of freshly produced phytoliths in the
continental cycle of silica. With their extremely high
surface area, these phytoliths represent an easily mobi-
lized pool of silica in soil surface horizons. However,
for quantitative assessment of silicon fluxes in vegetal
areas, the limiting factor is likely to be the character-
ization of release of silica from plant litter, where phy-
toliths are tightly associated with organic matter.

Overall, the SCM-treatment of phytoliths dissolution
kinetics indicates that the major rate-controlling mecha-
nisms for different silicon dioxide polymorphs (bamboo
phytoliths, quartz, and amorphous silica) are similar. Dif-
ferent phytoliths, depending on their chemical composition
with respect to trace elements, are likely to exhibit different
surface properties (Bartoli, 1985) and, consequently, reac-
tivities in aqueous solutions. In this regard, comparative
study of different origins phytoliths representing terrestrial
plants and trees are very timely to better constrain the bio-
geochemical cycle of silica on land.

4. Conclusions

In this study, several complementary techniques have
been used to characterize the surface properties, solubility
product and dissolution kinetics of bamboos phytoliths
collected in the Réunion Island. Results obtained show
that the phytoliths solubility is close to that of amorphous
silica while their dissolution rates lay between those of
quartz and vitreous silica and exhibit similar pH depen-
dence. Based on electrophoretic measurements and sur-
face titration, a surface complexation model was
generated which suggests, in accord with data on quartz
(Dove and Elston, 1992; Duval et al., 2002) and amor-
phous silica (Stumm, 1992; Dixit and Van Cappellen,
2002), the existence of >SiOH2

+, >SiOH�, and >SiO� sur-
face species. At pH > 6, dissolution rate is proportional to
{>SiO�}2, suggesting that the dissolution mechanism re-
quires two preceding deprotonation steps. It follows from
the results of this study that phytoliths dissolution rate
reaches a minimum at pH � 3. This pH value is close to
that measured in interstitial solutions of acidic soil hori-
zon of Réunion Island. This explains the good preserva-
tion of phytoliths in subsurface soils of this region.
Because phytoliths represent important reservoir of bio-
genic silica in acid soils of tropical and subtropical re-
gions, a comparative study of the reactivity in aqueous
solution of (i) phytoliths having various origin and trace
metal content and (ii) phytoliths-bearing plant litter debris
should allow quantitative modeling of the biogeochemical
cycle of terrestrial silicon.
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Table A1
Soil phytoliths solubility

Exposure time (days) 0.1 7 28 7

T = 25 �C

[Si], M pH = 4 1.79E�06 3.64E�05 7.07E�05 1
[Si], M pH = 6 1.41E�05 1.41E�04 2.50E�04 5
[Si], M pH = 8 3.93E�05 2.93E�04 1.06E�03 1

Exposure time (days) 2 30 45 6

T = 50 �C

[Si], M pH = 4 4.18E�05 2.85E�04 3.93E�04 5
[Si], M pH = 6 1.50E�04 8.00E�04 9.94E�04 1
[Si], M pH = 8 8.50E�04 2.30E�03 2.38E�03 2

Exposure time (days) 6 15 40

T = 80 �C

[Si], M pH = 4 1.24E�03 2.80E�03 3.12E�03
[Si], M pH = 8 2.03E�03 3.40E�03 3.60E�03

Silical concentration as a function of time.

Table A2
Phytoliths zeta potential (mV) as a function of pH at 25 �C

Soil phytoliths

I = 0.001 M I = 0.05 M I = 0.01 M

pH f (mV) pH f (mV) pH f

5.57 �31.1 ± 3.1 5.51 �12.8 ± 4.7 5.64 �
5.28 �29.4 ± 4.2 4.6 �13.1 ± 2.0 5.4 �
4.88 �29.2 ± 5.3 4.41 �10.7 ± 1.2 5.12 �
4.68 �25.4 ± 1.9 4.17 �10.2 ± 2.4 4.68 �
4.21 �24.9 ± 0.5 3.57 �8.2± 1.4 8.2 �
4.02 �22.7 ± 1.9 3.20 �6.7 ± 1.6 3.95 �
3.65 �20.1 ± 3.9 2.58 �5.0 ± 2.3 3.40 �
3.39 �16.0 ± 3.6 2.03 �3.3 ± 2.0 3.05 �
2.98 �14.7 ± 3.7 1.77 �3.4 ± 0.5 2.65 �
2.63 �8.1 ± 2.7 1.55 �1.9 ± 1.8 2.48 �
2.53 �6.4 ± 1.5 5.79 �22.6 ± 3.9 1.99 �
2.28 �5.4 ± 1.0 8.78 �22.6 ± 1.8 5.52 �
5.85 �36.6 ± 4.8 9.09 �24.2 ± 2.3 5.97 �
6.26 �36.4 ± 5.7 9.46 �20.8 ± 4.4 6.38 �
6.91 �34.7 ± 2.6 10.00 �24.1 ± 4.9 6.64 �
9.82 �38.0 ± 1.7 10.97 �28.0 ± 2.4 7.38 �

10.37 �44.7 ± 1.3 7.97 �
9.44 �

10.57 �

Uncertainty on pH is ±0.01 U.
Appendix A

See Table A1

Appendix B

See Table A2

Appendix C

See Table A3
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.94E�04 2.29E�04 3.36E�04 5.54E�04 1.41E�03
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Heated phytoliths:
I = 0.01 M

Fresh phytoliths:
I = 0.01 M

(mV) pH f (mV) pH f (mV)

30.2 ± 4.6 5.67 �31.8 ± 1.9 5.62 �14.8 ± 2.7
26.6 ± 5.3 5.16 �30.0 ± 4.2 4.21 �7.5 ± 1.1
29.6 ± 1.6 3.5 �19.1 ± 0.5 3.55 �4.2 ± 1.5
25.9 ± 0.7 3.91 �17.3 ± 1.4 2.89 �1.0 ± 0.5
23.3 ± 1.6 3.43 �11.8 ± 0.5 2.42 �2.8 ± 5.1
20.0 ± 1.5 2.66 �3.8 ± 1.5 9.97 �18.4 ± 4.1
14.9 ± 4.3 2.22 +1.5 ± 2.5 9.09 �11.2 ± 3.5
15.5 ± 2.1 6.26 �41.2 ± 3.9 6.59 �13.9 ± 6.1
9.8 ± 2.2 7.12 �36.0 ± 5.5
8.6 ± 0.2 6.03 �33.4 ± 2.3
6.1 ± 3.6 6.47 �44.8 ± 7.2

26.4 ± 3.3 7.03 �43.8 ± 3.1
28.3 ± 4.8 7.83 �39.7 ± 2.4
34.6 ± 1.1 8.84 �30.4 ± 4.2
29.8 ± 8.7 9.49 �27.4 ± 2.2
35.7 ± 6.7 10.49 �29.2 ± 8.3
33.5 ± 3.4
37.1 ± 4.9
38.7 ± 0.2



Table A4
X-ray photoelectron spectroscopy (XPS) analysis of different phytoliths

Element Energy (eV) Percent (%) Atomic ratio: element/Si
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Appendix D

See Table A4
Table A3
Experimental surface charge density of heated phytoliths as a function of
pH, at 25 �C

I = 0.01 M I = 0.05 M I = 0.5 M

pH Si sites density
(lmol/m2)

pH Si sites density
(lmol/m2)

PH Si sites density
(lmol/m2)

Experimental datas on heated phytoliths titration, 20 g/L, 6.51 m2/g, N2

bubbling

4.240 0.195 4.24 0.194 4.318 0.400
4.444 0.117 4.409 0.146 4.444 0.307
4.641 0.051 4.546 0.122 4.620 0.196
4.851 0.007 4.709 0.118 4.770 0.126
5.004 �0.027 4.832 0.115 4.897 0.070
5.177 �0.065 4.963 0.110 5.051 0.014
5.329 �0.109 5.090 0.098 5.125 �0.045
5.543 �0.184 5.255 0.084 5.383 �0.161
5.655 �0.229 5.378 0.054 5.416 �0.214
5.910 �0.314 5.535 �0.002 5.449 �0.262
5.994 �0.355 5.727 �0.068 5.566 �0.360
6.223 �0.436 5.782 �0.119 5.640 �0.439
6.305 �0.479 5.897 �0.180 5.852 �0.637
6.514 �0.561 6.012 �0.245 5.962 �0.746
6.614 �0.612 6.115 �0.316 6.031 �0.880
6.812 �0.710 6.293 �0.440 6.297 �1.154
6.953 �0.791 6.384 �0.523 6.247 �1.239
7.145 �0.913 6.614 �0.729 6.416 �1.419
7.321 �1.036 6.688 �0.830 6.378 �1.515
7.480 �1.172 6.884 �1.042 6.438 �1.602
7.609 �1.365 6.844 �1.126 6.538 �1.738
7.836 �1.674 6.817 �1.189 6.557 �1.911
7.944 �1.899 6.980 �1.362 6.605 �2.005
8.107 �2.261 7.024 �1.440 6.700 �2.147
8.236 �2.600 7.148 �1.600 6.707 �2.330
8.345 �2.936 7.131 �1.712 6.717 �2.443
8.441 �3.269 7.117 �1.793 6.855 �2.649
8.523 �3.601 7.266 �1.980 6.822 �2.774

7.232 �2.058 6.860 �2.913
7.316 �2.165 7.019 �3.166
7.309 �2.265 6.998 �3.336
7.356 �2.348 7.060 �3.459
7.455 �2.481 7.062 �3.640
7.445 �2.608 7.133 �3.775
7.495 �2.699 7.127 �3.931
7.507 �2.828 7.198 �4.064
7.541 �2.957 7.193 �4.224
7.656 �3.262 7.208 �4.376
7.738 �3.541 7.277 �4.664
7.979 �4.199 7.365 �5.029
8.025 �4.518 7.506 �5.589
8.053 �4.751 7.613 �6.117
8.161 �5.211 7.784 �6.898
8.231 �5.600 7.872 �7.506
8.413 �6.368 8.001 �8.293
8.480 �6.842 8.103 �9.058
8.650 �7.709 8.203 �9.852

8.294 �10.647
8.375 �11.444
8.453 �12.239
8.521 �13.037
8.592 �13.827
8.659 �14.615

‘‘Soil’’ phytoliths

C-1s 292.8 38.2 1.60
O-1s 541.1 38.0 1.59
Si-2s 162.9 23.8 1.00

‘‘Heated’’ phytoliths

C-1s 294.4 19.4 0.58
O-1s 542.5 47.0 1.40
Si-2s 164.2 33.6 1.00

‘‘Heated’’ and grinded phytoliths

C-1s 294.6 19.0 0.64
O-1s 542.8 51.3 1.73
Si-2s 164.3 29.7 1.00
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tropicaux. Bull. Soc. géol. Fr. 172, 533–538.
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