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Microbial degradation of organic carbon sorbed to
phyllosilicate clays with and without hydrous iron oxide
coating

A . R . S a i d y a,b, R . J . S m e r n i k a, J . A . B a l d o c k c, K . K a i s e r d & J . S a n d e r m a n c

aSchool of Agriculture, Food & Wine, Waite Research Institute, Waite Campus, The University of Adelaide, Waite Road, Adelaide, South
Australia 5064, Australia, bDepartment of Soil, Faculty of Agriculture, Lambung Mangkurat University, Achmad Yani Street, Banjarbaru
70714, Indonesia, cCSIRO Land and Water, Private Bag 2, Adelaide, South Australia 5064, Australia, and dSoil Sciences, Martin Luther
University Halle-Wittenberg, von-Seckendorff-Platz 3, 06120 Halle, Germany

Summary

Sorption of organic carbon (OC) to phyllosilicate clays and hydrous iron oxides retards its mineralization, thus
contributing to stabilization of organic carbon in soils. The degree of protection varies with the nature of the
minerals present. In a previous study, we reported that when the amount of OC exceeds the sorption capacity of
minerals, the rate of OC mineralization is determined primarily by mineral surface area. Here, we report on OC
mineralization under conditions of less OC loading and with OC pre-sorbed to the mineral surfaces. The same
suite of minerals (kaolinite, illite and smectite with and without goethite coating and illite coated with haematite,
goethite and ferrihydrite) was used as in the previous study. The stability of sorbed OC decreased in the order
kaolinite> illite> smectite amongst the uncoated clays. Goethite coating of kaolinite and smectite increased the
stability of sorbed OM against microbial decomposition, while the stability of illite-associated OC did not change
with goethite coating. For illite coated with different hydrous iron oxides, only ferrihydrite increased the stability
of sorbed OC against microbial decomposition. These differences reflect closely the differences in the strength
and reversibility of OC sorption, as measured in previous batch sorption experiments on these systems, rather
than reflecting differences in mineral surface area. These findings demonstrate that at relatively small loadings of
OC, the degree of protection of sorbed OC provided by mineral surfaces is controlled primarily by the strength
of organo–mineral associations.

Introduction

Soil organic matter (OM) is an important component of the global
carbon (C) cycle. Dissolved organic matter (DOM) produced from
plants, microbes and organic soil horizons contributes to the transfer
of C within the soil. For example, it has been estimated that approx-
imately 115–500 kg C ha−1 passes into mineral subsoil as DOM
annually, of which 40–370 kg C ha−1 persists in organic–mineral
associations through OM sorption to soil minerals (Michalzik et al.,
2001; Guggenberger & Kaiser, 2003). In general, the sorption of
organic carbon (OC) to mineral surfaces is strong and only partially
reversible, with only a small portion being extractable into fresh
water, salt water or organic solvents (Kahle et al., 2004; Butman
et al., 2007; Kaiser & Guggenberger, 2007). Strong chemisorption
of OM on minerals renders OM more resistant to microbial degra-
dation (Keil et al., 1994; Jones & Edwards, 1998; Schneider et al.,

Correspondence: A. R. Saidy. E-mail: asaidy@unlam.ac.id
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2010). This suggests that sorption processes contribute to the accu-
mulation and stabilization of OC in soils.

Phyllosilicate clays and hydrous iron oxides have been recog-
nized as the minerals most relevant to OM stabilization (Meier
et al., 1999; Balcke et al., 2002; Tombácz et al., 2004; Kaiser et al.,
2007). The importance of these two classes of minerals to OM sta-
bilization is a consequence of their generally small particle size
and large specific surface area (these minerals usually dominate the
clay-size particles of < 2 μm in soils) and also their charge char-
acteristics. In general, phyllosilicate clays are negatively charged
through the normal range of soil pH, whereas hydrous iron oxides
tend to be positively charged, especially in acidic soils. There are
also important differences in both particle size and surface charge
within these classes. Kaolinitic clays, which have a 1:1 layer struc-
ture, tend to be present as larger particles and carry less negative
charge, whereas smectitic clays, which have a 2:1 layer structure,
tend to be present as smaller particles and carry more negative
charge. Illitic clays tend to have intermediate properties. Hydrous
iron oxide minerals, such as goethite, haematite and ferrihydrite,
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also differ in surface area and charge properties (Kaiser & Guggen-
berger, 2003).

Interactions between soil components provide a further complica-
tion to understanding OM stabilization by minerals. For example,
hydrous oxides are able to interact with both clay minerals and
organic compounds (Ohtsubo, 1989; Tombácz et al., 2004) to form
clay–mineral–organic associations, which may influence signifi-
cantly the size of the mineral-associated OM fraction resistant to
biodegradation (van Hees et al., 2003; Kalbitz et al., 2005; Mikutta
et al., 2007; Schneider et al., 2010).

In a previous study (Saidy et al., 2012), we reported on the stabi-
lization of plant-derived OM in the presence of pure phyllosilicate
clays and clays coated with a variety of hydrous iron oxides. We
found that C mineralization varied significantly depending on the
nature of both phyllosilicate clay and hydrous oxide. The degree of
stabilization closely reflected differences in the specific surface area
(SSA) of the clay and clay-oxide assemblages and not the affinity of
OM for these minerals, which we determined subsequently in batch
sorption experiments (Saidy et al., 2013). A probable explanation
for this observation is that under the conditions of the experiment,
OC was present in excess of the minerals’ sorption capacity (Saidy
et al., 2012). Under these conditions, OC stabilization is proba-
bly controlled primarily by the amount of mineral surface available
rather than by the nature/strength of mineral–OM interactions.

The goal of the present study was to re-examine the effect of
these clays (kaolinite, illite and smectite) and oxide-coated clays
(kaolinite, illite and smectite coated with goethite and illitic clay
coated with goethite, haematite and ferrihydrite) on the stabilization
of plant-derived OC under different conditions to those used in our
previous study (Saidy et al., 2012). In particular, by pre-sorbing the
OC on the mineral assemblages, the present study involved smaller
OC loadings that are proportional to and less than the sorption
capacities of the minerals. We determined the stability of sorbed
OC against biodegradation by measuring mineralization during
a 120-day incubation period, and then fitted the mineralization
data using the same two-pool C mineralization model as used in
Saidy et al. (2012). The objective was to determine whether our
finding that mineral surface area controls mineralization of OC at
large loadings still holds for smaller loadings of pre-sorbed OC or
whether the affinity of the mineral for OM plays a greater role under
these conditions.

Materials and methods

Preparation of clay minerals, hydrous iron oxides
and iron-coated clays

The three phyllosilicate clays (kaolinite, illite and smectite) used
in this study were obtained from the collection of clay minerals
at CSIRO Land and Water, Adelaide, Australia. Three hydrous
iron oxides (goethite, haematite and ferrihydrite) were prepared
as described in Saidy et al. (2012). Coating of clay minerals with
hydrous iron oxides was carried out as described in Saidy et al.
(2012).

Preparation of dissolved organic carbon (DOC) and inoculant

Water-soluble organic carbon was prepared by extraction of medic
(Medicago truncatula L.) shoot residue as described in Saidy
et al. (2012). A mixture of 29 Australian soils from a range of
different environments was used as an inoculant for the incubations.
Before extraction, air-dried soils were rewetted to 70% water
holding capacity and incubated for 7 days at 22∘C to reactivate
microorganisms. The soils were shaken for 30 minutes with a 4 mm
CaCl2 solution (1:2 soil:solution ratio) and filtered through a 5-μm
filter (Millipore Corporation, Bedford, MA, USA).

Incubation experiments

Two incubation experiments were carried out: Experiment 1 to
determine mineralization of OC sorbed to different clays with and
without goethite coating, and Experiment 2 to examine mineral-
ization of OC sorbed to illite with three different hydrous iron
oxide coatings (haematite, goethite and ferrihydrite). Measurements
were made on three replicates of each control and each treatment.
Microbial degradation of OC was measured over 120 days, with
carbon mineralization monitored with a Servomex 1450 infrared
gas analyser (Servomex, Crowborough, UK). Samples of clays or
clay–oxide assemblages with sorbed OC were prepared by shak-
ing 200 ml of organic matter solution containing 150 mg DOC l−1

and 0.20 g of clay or clay–oxide for 12 hours at 22∘C. The 12-hour
shaking period was sufficient to establish quasi-equilibrium sorp-
tion conditions; longer incubation times were avoided to minimize
possible microbial degradation of DOC. Thereafter, the suspen-
sions were centrifuged for 30 minutes at 2000 g, and the super-
natants were filtered through 0.45-μm polycarbonate membrane
filters (Millipore Corporation). The concentration of DOC in the fil-
trate was measured using a Thermalox TOC-TN analyser (Analyt-
ical Sciences Limited, Cambridge, UK). The amount of OC sorbed
was calculated as the difference between OC in the initial and
equilibrium solutions. The calculated amounts of OC sorbed were
verified by analysing an aliquot of reacted mineral phases (LECO
CNS2000, LECO Corporation, St Joseph, MI, USA).

Fractionation of DOC during reaction with minerals was moni-
tored by measuring the ultraviolet (UV) absorbance at 280 nm of
solutions before and after sorption on a Shimadzu 1601 UV/Vis
spectrophotometer (Shimadzu Corporation, Kyoto, Japan), using
a 1-cm quartz cell. Results are expressed as specific UV absorp-
tion (SUVA, l mg C−1 m−1). This is thus absorption at 280 nm nor-
malized to DOC concentration, which is an indicator of dissolved
aromatic compounds (Chorover & Amistadi, 2001; Kalbitz et al.,
2003; Scheel et al., 2007).

After washing with deionized water, the filters and OC-loaded
minerals (solid phase at the bottom of the tube) were transferred
into 50-ml incubation flasks. To ensure sufficiently large CO2

concentrations for measurements, we pooled several sub-samples so
that the total OC content per flask for all treatments was 10 mg C. An
organic matter solution without minerals was prepared by diluting
the original DOC and was used as a control treatment. A second
control treatment of deionized water and inoculum was used to
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Table 1 Properties of the clays and coated clays

Properties Kaolinite Illite Smectite Kaolinite-goethite Illite-goethite Illite-haematite Illite-ferrihydrite Smectite-goethite

Clay mineralogy
Dominant Kaolinite Illite Smectite – – – – –
Accessory Muscovite Quartz Quartz – – – – –

Carbon / g kg−1 0.3 3.2 1.3 – – – – –
Nitrogen / g kg−1

< 0.05 0.2 0.2 – – – – –
CEC / cmol kg−1 8.9 23.0 86.9 7.5 21.4 20.8 21.3 73.6
Na+ / cmol kg−1

< 0.10 0.14 0.91 0.16 0.30 0.11 0.13 0.70
K+ / cmol kg−1 0.2 1.5 1.9 < 0.05 1.4 1.3 1.3 1.9
Mg2+ / cmol kg−1

< 0.2 2.1 10.5 < 0.2 4.4 3.8 3.1 9.4
Ca2+ / cmol kg−1 1.3 12.8 54.3 0.8 12.2 8.5 5.5 45.2
SSA / m2 g−1 6.01 108.0 169.8 11.48 98.8 95.9 115.6 157.8
Fed / mg kg−1 129 947 883 52 800 55 600 61 900 51 000 55 700
Pre-sorbed OC / mg C g−1 2.82 13.00 38.67 7.41 12.34 11.37 21.59 37.72

measure carbon mineralization from the added inoculum. Nutrient
solution (20 ml) containing (NH4)2SO4 and K2HPO4 (setting the
initial C:N and C:P ratios at 10 and 25, respectively) and other
nutrients (CaSO4, MgSO4, K2SO4 and micronutrients) was added
to the flasks, along with 1 ml of inoculum suspension. Following
inoculation, the flasks were adjusted to pH 6.0, sealed and incubated
in the dark at 22∘C for 120 days. To avoid anoxic conditions, the
samples were shaken manually once a day. The initial measurement
of released CO2-C was 4 days after initiation of the incubation and
subsequent measurements were carried out on a weekly basis. At the
end of the incubation, the pH was measured and was in the range
6.08–6.37, indicating that it had changed little from the initial value
of 6.0 and differed little among treatments.

Cumulative CO2 release (average of three replicates) was fitted to
a two-pool C mineralization model (Saidy et al., 2012) consisting
of rapidly and slowly decomposing pools (Equation (1)):

Ct = Cs

(
1 − e−st

)
+ Cf

(
1 − e−ft

)
, (1)

where Ct is the cumulative amount of C mineralized (% of added
C) by time t, Cs and Cf are the sizes of slow and fast pools of
mineralizable C (% of added C), respectively, and s and f are
the corresponding mineralization rate for the slow and fast pools
(day−1). The measured CO2-C mineralization data were fitted to
the model using the least-square non-linear curve fitting routine in
Microsoft Excel® (de Levie, 2001). The values of Cs, Cf, s, and f
that gave the smallest residual sums of squares (RSS) were retained.

Statistical analysis

The analysis of variance (anova) procedure of GenStat 11th Edition
(Payne, 2008) was used to analyse the effect of hydrous iron oxides
on the microbial degradation of mineral–OM associations. In the
case of significance in the anovas, means were compared by the
least significant difference (LSD) multiple comparison procedure
at P< 0.05. Correlation analyses between variables of sorption and
desorption obtained from our previous study (Saidy et al., 2013)

and carbon mineralization of sorbed OC were performed using
GenStat 11.

Results

Characteristics of clays and coated clays

The characteristics of the clays used in this experiment have
been reported previously (Saidy et al., 2012) and are summa-
rized in Table 1. Coating phyllosilicate clays with hydrous oxides
resulted in changes in specific surface area (SSA) and cation
exchange capacity (CEC). The SSA of coated clays increased
where the SSA of the clay was less than that of the hydrous
oxides (kaolinite–goethite, illite–ferrihydrite) and decreased
where the clay’s SSA exceeded that of the oxide (illite–goethite,
illite–haematite and smectite–goethite) (Table 1). The changes in
SSA were in line with added amounts of oxides. Decreases in CEC
were also observed to result from the coating, suggesting that the
coating involved electrostatic interactions between the negatively
charged clays and the positively charged oxides. Decreases were
smallest for kaolinite, moderate for illite and largest for smectite
(Table 1). The reduction in CEC suggests that there was some
irreversible binding, probably through steric effects, especially
for the smectite, which has a large accessible surface area. The
reduction in CEC was accompanied by a decrease in exchangeable
calcium (Ca2+), indicating replacement of Ca2+ by the positively
charged hydrous iron oxides, probably at the cost of some or most
of the hydrous oxides’ positive charge. The smallest decrease in
exchangeable Ca2+ occurred on coating smectite with goethite. That
could result from the concentration of smectite’s charge in interlayer
spaces, which goethite cannot enter, resulting in less replacement
of Ca2+ and, probably, reduced compensation of goethite’s charge.

Mineralization of OC sorbed to different phyllosilicate clays
with hydrous iron oxide coating

Figure 1 shows the progress of mineralization for the control
DOC solution and all mineral–OC associations. For the control
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(a) (b)

(c) (d)

Figure 1 Carbon mineralization of dissolved organic carbon (DOC) and DOC sorbed to kaolinite (a), illite (b) and smectite (c) with and without goethite
coating during the course of the 120-day incubation. The vertical bars represent standard error of mean (n= 3). The lines indicated are curves fitted to the
two-pool decomposition model: Ct =Cs(1− est)+Cf(1− e−ft); R2

> 0.91. (d) Cumulative C mineralization of DOC and DOC sorbed to different clays with
and without goethite coating at the end of the 120-day incubation (K= kaolinite, K+G= kaolinite-goethite, I= illite, I+G= illite-goethite, S= smectite,
S+G= smectite-goethite).

DOC solution, rapid mineralization during the first 18 days was
followed by a decrease in the rate of the mineralization, with the
rate levelling off after 42 days. Approximately 51% of initial DOC
was recovered as CO2 by the end of the 120-day incubation period
(Figure 1).

Sorption to minerals reduced the rate and extent of mineralization
of OC and this varied among the different phyllosilicate clays and
clay–oxide mixtures. For kaolinite, mineralization of sorbed OC
increased gradually during the first 35 days, and then levelled off
for the remainder of the incubation period (Figure 1a). The miner-
alization of OC sorbed to illitic and smectitic clays with and without
goethite coating was rapid during the first 18 days of incubation, and
then levelled off after 42 days (Figure 1b,c). Cumulative mineral-
ization of OC sorbed to uncoated clays over the 120-day incubation
was smallest for kaolinite (13%), intermediate for illite (18%) and
largest for smectite (24%). Coating clays with goethite decreased C
mineralization but the decrease was only significant (P< 0.05) for
the kaolinitic and smectitic clays (Figure 1). The decrease in miner-
alization of OC sorbed to goethite-coated illite was not significant
(P> 0.05).

The C mineralization from DOC solution and OC sorbed to illitic
clay coated with different hydrous iron oxides is shown in Figure 2.
The cumulative amount of C mineralized during the 120-day incu-
bation ranged from 13 to 19% of sorbed OC, which was 32–38%
less than for the DOC solution (control) (Figure 2b). Ferrihydrite
coating of illitic clay resulted in a statistically significant (P< 0.05)
decrease (5%) in cumulative C mineralization (Figure 2b). On the
other hand, coating illitic clay with haematite and goethite did not
significantly change C mineralization (P> 0.05).

Carbon mineralization dynamics

The mineralization data for OC sorbed to different clays with
and without goethite coating and illitic clay with different iron
oxide coatings fitted well to a two-pool C mineralization model
(Equation (1)) (Figures 1a–c and 2a). The magnitude of some of the
parameters derived from the two-pool C mineralization model (Cs,
Cf, s and f ) varied with the length of incubation (Figure 3). In par-
ticular, the size of both slowly (Cs) and rapidly (Cf) decomposable
pools varied considerably, whereas the mineralization rate of both
slowly (s) and rapidly (f ) decomposable pools varied little. Both Cs
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(a)

(b)

Figure 2 (a) Carbon mineralization of dissolved organic carbon (DOC)
sorbed to illitic clay coated with different hydrous iron oxides. The vertical
bars indicate standard error of mean (n= 3). The lines indicated are curves
fitted to the two-pool decomposition model: Ct =Cs(1− e−st)+Cf(1− e−ft);
R2

> 0.99. (b) Cumulative C mineralization after 120 days.

and Cf values were much greater when only the data of shorter incu-
bation periods was included (Figure 3). It was only for the last two
readings (for data up to and including the 110- and 120-day incu-
bation periods) that there was no significant difference in any of the
variables of the two-pool C mineralization model. This is the point
at which we ended the incubation, as established in our previous
study (Saidy et al., 2012).

Results of fitting the full 120-day mineralization data to the
two-pool C mineralization model are presented in Table 2. Goethite
coating decreased both Cs and Cf, but the decrease was only

significant (P< 0.05) for smectite in the case of Cs and for
kaolinite in the case of Cf (Table 2). The anova indicated that
the mineralization rate of neither the slowly (s) nor the rapidly (f )
decomposing pools was affected significantly by goethite coating
(P> 0.05) (Tables 2 and 3).

There was no statistically significant effect on Cs upon coating
illite with goethite or haematite but there was a significant decrease
(P< 0.05) upon coating with ferrihydrite (Table 4). Coating illite
with ferrihydrite resulted in a significant reduction (P< 0.05) in
the size of both slowly (Cs) and rapidly (Cf) decomposable pools
(Table 2). The mineralization rate of neither the slowly (s) nor the
rapidly (f ) decomposing pools was affected by different hydrous
iron oxide coatings (P> 0.05).

Changes of UV absorbance of dissolved organic carbon during
sorption

Specific UV absorbance (SUVA) of DOC at 280 nm (absorbance
normalized to OC concentration) has been used to estimate the aro-
maticity of OC (Chorover & Amistadi, 2001; Kalbitz et al., 2005).
Specific UV absorbance of OC remaining in solution after sorption
to smectite, kaolinite both with and without goethite coating and
illite both with and without goethite coating was not significantly
different from that before sorption (P> 0.05) (Figure 4). However,
there was a statistically significant 17% decrease in SUVA for OC
solution after sorption to goethite-coated smectite (P< 0.05). For
illitic clay coated with different hydrous iron oxides, the SUVA of
OC remaining in solution was significantly reduced after reaction
with illite-haematite and illite-ferrihydrite associations (P< 0.05).

Discussion

Mineralization of sorbed OC is influenced by the nature
of minerals

Mineralization of OC sorbed to clays and hydrous iron oxide-coated
clays over the 120-day incubation period was 27–43% less than for
the DOC solution (Figure 1d). Results of this study are consistent
with previous studies that have shown OC sorption to minerals
results in a significant decrease in C mineralization. For example,
Schneider et al. (2010) reported that sorption of OC to amorphous
Al hydroxide reduced mineralization by 17–48% and Mikutta et al.
(2007) reported that mineralization of sorbed OC was 23–76%
lower than that of free DOC. Similar results were also obtained
by Kalbitz et al. (2005), who found that mineralization of OC after
sorption to minerals ranged from 13 to 27% while 28–91% of the
DOC in free solution was mineralized in 365 days of incubation.
Jones & Edwards (1998) demonstrated that mineralization of simple
compounds such glucose and citrate decreased significantly after
the sorption of those compounds to minerals.

Mineralization of sorbed OC decreased when kaolinitic and
smectite clays were coated with goethite, but was not significantly
different between illite and goethite-coated illite (Figure 1). These
results indicate that the effect of hydrous oxide coatings on the
stability of sorbed OC against microbial degradation varies with
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Figure 3 Changes in the size of slowly and rapidly decomposing pools of C and their mineralization rates (a) for three phyllosilicate clays with and without
goethite coating and (b) for illitic clay with and without different hydrous iron oxide coatings.

the mineralogy of phyllosilicate clays. Different effects of goethite
coating on clays on the mineralization of sorbed OC have been
attributed to different binding mechanisms being dominant for
different clay–oxide associations. Mikutta et al. (2007) reported
that OM bound to minerals via ligand exchange is more resistant to
microbial degradation than that held by non-coulombic interactions
(van der Waals forces) or via cation bridging. Goethite has a point of
zero charge (PZC) of pH 8.1 (Kaiser & Guggenberger, 2003). In this

study, in which the initial pH of all treatments was adjusted to 6.0
and the final pH was in the range of 6.08–6.37, goethite surfaces
would have had a net positive charge. On the other hand, clay
minerals have a negative charge in this pH range (PZC of kaolinite
at pH 3.7; PZC of illite at pH 2.5; PZC of smectite at pH< 2.3;
Zhuang & Yu, 2002; Chorover, 2005). Under these circumstances,
the net charge depends on the relative magnitudes of the positively
charged coatings on the clay surface and the negative layer charge
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Table 2 Results of the two-pool model fit to C mineralization data

Treatment Cs
a/ % added C sb/ day−1 Cf

c/ % added C f d/ day−1 R2

Control 24.20 (1.84) 0.033 (0.002) 27.50 (1.79) 0.120 (0.011) 0.99
Experiment 1

Kaolinite 3.80 (0.21) 0.021 (0.001) 11.29 (0.16) 0.029 (0.001) 0.91
Kaolinite-goethite 2.93 (0.09) 0.019 (0.001) 6.14 (0.24) 0.027 (0.001) 0.92
Illite 5.98 (0.22) 0.014 (0.004) 13.54 (0.90) 0.067 (0.003) 0.99
Illite-goethite 5.21 (0.52) 0.015 (0.001) 12.37 (0.75) 0.077 (0.005) 0.99
Smectite 14.23 (0.70) 0.032 (0.002) 10.11 (0.16) 0.129 (0.005) 0.99
Smectite-goethite 12.21 (0.16) 0.032 (0.001) 8.81 (0.01) 0.121 (0.003) 0.99

Experiment 2
Illite 5.98 (0.22) 0.014 (0.004) 13.54 (0.90) 0.067 (0.003) 0.99
Illite-goethite 5.21 (0.52) 0.015 (0.001) 12.37 (0.75) 0.077 (0.005) 0.99
Illite-haematite 5.30 (0.16) 0.008 (0.002) 15.99 (0.51) 0.059 (0.003) 0.99
Illite-ferrihydite 3.70 (0.92) 0.011 (0.001) 10.58 (0.18) 0.064 (0.003) 0.99

aThe amount of slowly decomposing OC calculated using the two-pool model.
bMineralization rate of the slowly decomposing OC pool calculated using the two-pool model.
cThe amount of rapidly decomposing OC calculated using the two-pool model.
dMineralization rate of the rapidly decomposing OC pool calculated using the two-pool model.
Numbers in parenthesis indicate standard error of mean (n= 3).

of the clay (Roth et al., 1969; Zhuang & Yu, 2002). As the CEC
of kaolinite is small (Table 1), the negative charge of kaolinite
would only partly balance the positive charge of goethite. The net
positive charge on kaolinite–oxide surfaces allows for sorption of
negatively-charged DOC by strong coulombic mechanisms such as
ligand exchange. The net effect is an increase in binding strength
and greater stability of sorbed OC against microbial decay for
kaolinite–goethite associations than for kaolinite.

Illite has a much larger CEC than kaolinite (Table 1), and therefore
a goethite coating on illite under experimental conditions would
have relatively little influence on charge balance, resulting in the
goethite-coated illite having an overall negative charge. The strong
decrease in exchangeable Ca2+ (Table 1) upon coating with goethite
clearly points to strong electrostatic interactions between the two
minerals. A net negative charge on illite–oxide surfaces implies
sorption of negatively charged OC primarily via either cation
bridges (note the large Ca2+ saturation of the exchange sites) or
non-coulombic mechanisms (van der Waals forces). Consequently,
sorption onto pure and coated illite should not differ much, and so
it is not surprising that there was no difference in the stability of
sorbed OC between uncoated and goethite-coated illite.

Smectite has an even larger CEC than illite (Table 1), and
therefore coating smectite with goethite should also lead to a net
negative charge on smectite–goethite associations. Sorption of OC
to both smectite and goethite-coated smectite would be expected to
be via non-coulombic mechanisms or cation bridging, and thus the
stability of sorbed OC against biodegradation for smectite–organic
and smectite–oxide–organic associations should theoretically be
similar. However, a goethite coating on smectite resulted in a
decrease in mineralization of sorbed DOC (Figure 1d).

As well as the smaller than expected rate of mineralization of
sorbed OC, the goethite-coated smectite treatment was distinctive in

Table 3 Results of a nested analysis of variance of the effect of three
phyllosilicate clays coated with goethite on the carbon mineralization and
the parameters derived from the two-pool C mineralization model (Cs, Cf, s
and f )

Source

Degrees of

freedom

Sum of

squares

Mean

square F ratio P

Carbon mineralization

Clay 2 434.498 217.249 162.50 < 0.001

Oxide (clay) 3 68.443 22.814 17.07 < 0.001

Residual 12 16.043 1.337 – –

Total 17 518.984 – – –

Slowly-decomposing C pool (Cs)

Clay 2 323.495 161.748 367.77 < 0.001

Oxide (clay) 3 8.713 2.904 6.60 0.007

Residual 12 5.278 0.440 – –

Total 17 337.485 – – –

Mineralization rate of slowly-decomposing C pool (s)

Clay 2 0.0009431 0.0004716 21.10 < 0.001

Oxide (clay) 3 0.0000092 0.0000031 0.14 0.935

Residual 12 0.0002682 0.0000224 – –

Total 17 0.0012206 – – –

Rapidly-decomposing C pool (Cf)

Clay 2 61.504 30.752 26.97 < 0.001

Oxide (clay) 3 44.313 14.771 12.96 < 0.001

Residual 12 13.681 1.140 – –

Total 17 119.499 – – –

Mineralization rate of rapidly-decomposing C pool (f )

Clay 2 0.0329988 0.0164994 463.54 < 0.001

Oxide (clay) 3 0.0002639 0.0000880 2.47 0.112

Residual 12 0.0004271 0.0000356 – –

Total 17 0.0336898 – – –
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Table 4 Results of a one-way analysis of variance of the effect of illite clay
coated with different hydrous iron oxides on the carbon mineralization and
the parameters derived from the two-pool C mineralization model (Cs, Cf, s

and f )

Source
Degrees of
freedom

Sum of
squares

Mean
square F ratio P

Carbon mineralization
Clay-oxide 3 62.565 20.885 9.51 0.005
Residual 8 17.538 2.192 – –
Total 11 80.103 – – –

Slowly-decomposing C pool (Cs)
Clay-oxide 3 8.3395 2.7798 10.74 0.004
Residual 8 2.0705 0.2588 – –
Total 11 10.4100 – – –

Mineralization rate of slowly-decomposing C pool (s)
Clay-oxide 3 0.0000871 0.0000290 0.91 0.478
Residual 8 0.0002552 0.0000319 – –
Total 11 0.0003423 – – –

Rapidly-decomposing C pool (Cf)
Clay-oxide 3 46.274 15.425 12.44 0.002
Residual 8 9.919 1.240 – –
Total 11 56.193 – – –

Mineralization rate of rapidly-decomposing C pool (f )
Clay-oxide 3 0.0001223 0.0000408 1.20 0.369
Residual 8 0.0002711 0.0000339 – –
Total 11 0.0003934 – – –

that there was a significant decrease in the specific UV absorbance
of DOC after sorption (Figure 4). This change indicates a preferen-
tial sorption of aromatic-rich fractions to smectite–goethite associ-
ations. Aromatic-rich compounds are considered to be one of the
OC components that are most resistant to microbial decomposi-
tion (Kalbitz et al., 2003). This result is in agreement with Kalb-
itz et al. (2005), who reported that around half of the measured
decrease in mineralization after sorption of DOC to soils could be
attributed to selective sorption of aromatic compounds, as indicated
by a decrease in the specific UV absorbance of DOC after sorption.
Soluble aromatic compounds tend to sorb more strongly to hydrous
iron oxide than to phyllosilicates (Mikutta et al., 2007), suggesting
goethite contributed to sorption and stabilization of the sorbed OC.

Despite the larger overall CEC of smectite, the compensation of
the positive charge of the goethite is far less complete than for illite.
The negative charge of smectites results mainly from isomorphic
substitution in the octahedral planes and thus is diffuse and allows
for hydrated cations to enter the interlayer. In contrast, the negative
charge of illite comes mostly from strong isomorphic substitution
in the tetrahedral planes, resulting in highly charged basal planes,
which causes intercalation of potassium (K+) (or ammonium,
NH4

+), thus collapsing the interlayer spaces. As a result, much of
the charge of smectite is located in the internal surfaces while that of
illite is largely confined to external surfaces. The external surfaces
of illite are therefore more highly charged than those of smectite. As
goethite can only bind to external surfaces, complete balancing of
its charge is more likely for illite than for smectite, leaving goethite

Figure 4 Specific UV absorbance at 280 nm of DOC before and after
sorption to different clays with and without oxide coatings. Solution after
sorption was obtained by centrifugation and filtration. The vertical bars
indicate standard error of mean (n= 3).

on the surface of smectite more reactive than that on the surface
of illite. The drastic reduction in exchangeable Ca2+ after coating
illite with goethite and the rather moderate decrease upon coating
smectite with goethite (Table 1) are consistent with this description.

In the second experiment, which compared the effect of dif-
ferent hydrous oxide coatings on illite, only coating with fer-
rihydrite increased the stability of sorbed OC against microbial
degradation (Figure 3). This is consistent with previous stud-
ies. Mineralization of a low-molecular-weight organic acid (cit-
rate) was less after sorption to ferrihydrite compared with min-
eralization of citrate alone (van Hees et al., 2003). Our pre-
vious experiment also showed that addition of ferrihydrite to
illitic clay reduced C mineralization relative to illite alone, while
addition of goethite and haematite did not change C mineral-
ization (Saidy et al., 2012). This stronger effect of ferrihydrite
than of goethite or haematite implies that the different charge
properties of the different hydrous iron oxides also play an
important role in the sorptive stability of OC against micro-
bial degradation. The PZC of ferrihydrite is greater than that
of goethite or haematite (PZC of ferrihydrite at pH 8.6; PZC
of goethite at pH 8.1; PZC of haematite at pH 7.9; Kaiser &
Guggenberger, 2003). Therefore, under the incubation condi-
tions in which pH was maintained at around 6.0–6.5, ferri-
hydrite would have had a larger positive charge than the other
hydrous oxides, increasing the stability of sorbed OC against
microbial decay through strong sorption of OC by a ligand
exchange mechanism. Note that ferrihydrite coating caused the
strongest reduction in exchangeable Ca2+ (Table 1), which under-
lines its larger charge. It is likely that the positive charge of ferri-
hydrite was large enough to not only replace most of the illite’s
exchangeable Ca2+ but also to leave the illite-ferrihydrite system
with a net positive charge, resulting in strong OC binding and
stabilization.

The reduction in mineralization of sorbed OC observed for
kaolinite–goethite interactions can be attributed to decreases in
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both slowly and rapidly decomposing pools compared to that
without goethite coating (Table 2). For smectite, goethite coating
resulted in a decrease in slowly decomposable C while rapidly
decomposable C remained unchanged. It seems that goethite coat-
ing on kaolinite and smectite resulted in a larger proportion of OC
being non-decomposable over the time-frame of the incubation.
Changes in rapidly and slowly decomposing pools of mineraliz-
able C were also observed for illitic clay coated with ferrihydrite
(Table 2). This implies that ferrihydrite coating on illite caused pro-
tection of a larger proportion of sorbed OC.

Table 2 also shows that the mineralization rate of both slow and
fast pools of mineralizable C derived from the two-pool model did
not change significantly when clays were coated with hydrous iron
oxides. This result indicates that the stability of sorbed OC against
microbial degradation occurred through a reduction either in the
size of the slowly decomposing pool (smectite–goethite), the size
of the rapidly decomposing pool (kaolinite–goethite) or the sizes of
both slowly and rapidly decomposing pools (illite–ferrihydrite). In
all cases the implication is that these reductions are accompanied by
increases in the amount of non-decomposable C upon sorption. In
our previous study (Saidy et al., 2012), we also found that where C
mineralization decreased for clays coated with aluminium and iron
oxides, the size of slowly and rapidly decomposing pools changed
significantly, while the mineralization rate of these pools remained
unchanged. It has been reported previously that the size of the stable
C pool, derived from a two-pool C mineralization model, increases
considerably after the sorption of OC to soils (Kalbitz et al., 2005)
and phyllosilicates and goethite (Mikutta et al., 2007). That could
result from either stronger binding of organic matter or selective
sorption of already more resistant compounds, or both (Kaiser &
Guggenberger, 2000).

It should be remembered that the degradation of OC is mediated
by soil microbes that attach to and colonize soil surfaces. Differ-
ences not only in charge characteristics but also in morphology
among the phyllosilicate clays and hydrous iron oxides may influ-
ence microbial colonization and hence have an effect on OC min-
eralization. As discussed earlier, differences in OC stabilization are
consistent with expected variations in the strength of OC binding
to mineral phases; however, we cannot rule out the possibility that
variations in microbial colonization may also be a contributing fac-
tor to these differences.

DOC to clay ratio has a profound influence on stabilization
of OC by mineral surfaces

Comparison of C mineralization rates between this study and that of
Saidy et al. (2012) sheds light on how mineral surfaces stabilize OC
against microbial degradation, because they emphasize different
aspects of stabilization. Mineralization of OC was greater in the
study by Saidy et al. (2012) (incubation 1 in Figure 5) than in this
experiment (incubation 2 in Figure 5) for all mineral assemblages.
In fact, the amount of mineralizable DOC in incubation 1 was not
much less than for the incubation 2 ‘control sample’ (517 mg g−1),
in which no mineral was present.

(a)

(b)

Figure 5 Decomposable C pool (sum of slowly and rapidly mineral-
izable C pools) derived from the two-component C model of a pre-
vious study (Saidy et al., 2012; incubation 1) and this study (incuba-
tion 2) for (a) three different clays with and without goethite coating
(K= kaolinite, K+G= kaolinite-goethite, I= illite, I+G= illite-goethite,
S= smectite, S+G= smectite-goethite) and (b) illitic clay coated with dif-
ferent hydrous oxide coatings. The vertical bars indicate standard error of
mean.

Under the experimental conditions used in Saidy et al. (2012),
that is incubation 1 in Figure 5, OC was present in excess of
the capacity of the minerals to stabilize it all. These conditions
emphasize how much OC can be stabilized to any extent. In
contrast, under the experimental conditions used in the present
study (incubation 2 in Figure 5), OC was present at a smaller loading
and in proportion to the capacities of the minerals to stabilize it.
These conditions emphasize the degree of stabilization provided
to the sorbed OC. It should be noted that both of these aspects
of stabilization of OC have ‘real-world’ importance: the former
being important when DOC is present in excess of available mineral
surfaces, for example at the interface of organic and mineral topsoil
horizons, and the latter when available reactive mineral surfaces are
not limiting, as in subsoil horizons.

For clays without oxide coating, there were opposite trends
between the two incubations in terms of total mineralizable
DOC; thus it decreased in the order kaolinite> illite> smectite
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in incubation 1 and it increased in same order in incubation 2
(Figure 5). This is again consistent with the DOC load in the pre-
vious incubation being beyond the capacity of the mineral surfaces
to sorb it; under these conditions, stabilization is mainly controlled
by how much DOC can ‘find’ a mineral surface. Results of sorp-
tion experiments showed that the sorption capacity of smectite for
DOC was about 14-fold more than kaolinite and about three-fold
more than illite (Saidy et al., 2013). On the other hand, in the
present experiment, where DOC was present in amounts propor-
tional to the minerals’ sorption capacities, stabilization is controlled
mainly by how strongly each surface holds the DOC that it has
sorbed. These results indicate that both the capacity and the affinity
of mineral surfaces for DOC are important in OC stabilization in
soils. The effects of coating clays with hydrous iron oxide on total
decomposable C in incubation 1 and incubation 2 were similar, with
hydrous oxide coating generally decreasing total mineralizable C
(Figure 5).

Desorption and affinity coefficients are good predictors
of differences in the degree of stabilization afforded by the
different mineral surfaces

Mineralization rates of sorbed OC measured in this study can also
be compared with sorption-desorption parameters determined in
previous experiments in which the OC was sorbed to the clay
mineral–iron oxide associations (Saidy et al., 2013). As shown
in Figure 6, there is a significant positive correlation between the
amount of mineralized sorbed OC and the proportion of OC that can
be desorbed. This is consistent with the findings of Mikutta et al.
(2007), who observed that mineralization of sorbed OC was greatest
for the mineral–organic associations where proportional desorption
was largest. It has also been suggested that desorption is essential
for the commencement of microbial degradation of organic matter
sorbed to pure minerals and clays (Keil et al., 1994; Nelson et al.,
1994; Jones & Edwards, 1998).

Differences in the stability of sorbed OC against microbial
decomposition may also be related to differences in the affinity
of DOC for the clay mineral–iron oxide associations. Our pre-
vious sorption experiment showed that kaolinite had a relatively
large affinity for DOC (Saidy et al., 2013), and this coincides
with the smallest C mineralization of any clay–OC associations.
In addition, smectite–OC associations, which have a poor affinity
for OC, are concurrent with the greatest mineralization of sorbed
OC. Figure 6(b) reveals that the amount of mineralized sorbed
OC decreases linearly with increasing sorption affinity of DOC
for clay–oxide associations. This result is consistent with Mikutta
et al. (2007), who observed an inverse relationship between the
sorption affinity of OM and the mineralization of sorbed OM for
OM-mineral associations. The inverse relationship between the
affinity for DOC and the mineralization of sorbed OC supports the
concept of Henrichs (1995) that the strength of mineral–organic
associations as indicated by sorption constants is useful for predict-
ing the stability of sorbed DOC against microbial decay.

Figure 6 Mineralization of C sorbed to minerals after 120 days incubation
from this study (incubation 2) versus (a) % desorption and (b) affinity
coefficient. Data for % desorption and affinity coefficients are taken from
previous experiments (Saidy et al., 2013).

Conclusions

Coating clays with goethite reduced mineralization of OC sorbed
to kaolinite and smectite, but the mineralization did not change
when illite was coated with goethite. Among three hydrous iron
oxides tested, only ferrihydrite coating of illite increased the
stability of sorbed OC against microbial degradation. In other
words, a reduction in the mineralization of sorbed OC was most
evident where there was either a small-surface-small-charge
clay or a large-surface-large-charge oxide (kaolinite–goethite
and illite–ferrihydrite) involved in the clay–oxide assemblage.
These results suggest that the biological stability of OC sorbed to
clay–oxide associations depends on the net charge of clay–oxide
assemblages, which is influenced by the balance between the nega-
tive charge of phyllosilicate clays and the positive charge of hydrous
iron oxides. Note that the results on smectite, though apparently
inconsistent with this explanation at first glance, do conform when
the localization of charge is also considered. This implies that

© 2014 British Society of Soil Science, European Journal of Soil Science, 66, 83–94



Mineralization of OC-clay-oxide associations 93

different clays and hydrous iron oxides interact differently, and this
has consequences for the stability of sorbed OC against microbial
degradation.

In this study, in which DOC was present in quantities proportional
to the sorption capacity of minerals, OC stabilization was controlled
by the strength of OC-mineral interactions. This contrasts with
results from our previous study, in which DOC was present in
excess of the sorption capacity of minerals and, therefore, OC
stabilization was governed by the available surface area of the
minerals. Together, the two studies suggest that the strength of
mineral–organic associations and the capacity of minerals for DOC
sorption are both key aspects that determine the degree of OC
stabilization by clay–oxide associations.

Another key finding of this study is that mineral–organic associa-
tions increased the biological stability of sorbed OC by reducing the
size of slowly and rapidly decomposable C pools, while mineraliza-
tion rates for these pools were relatively unaffected. This indicates
that the stability of sorbed OC against microbial degradation occurs
primarily through a reduction in the size of the decomposable C
pool, at least on the time-scale measurable in incubations such as
these experiments of several months. Possible reasons are stronger
mineral–organic interactions and/or selective sorption of more sta-
ble compounds. In continuing research we are investigating whether
addition of a readily degradable carbon source (glucose) can bring
about measurable decomposition of OC strongly sorbed to minerals.
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