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Abstract
To better understand the interaction mechanisms of plant surfaces with polar organic compounds, sorption of 4-chlorophenol, 2,4-
dichlorophenol, and 2,4,6-trichlorophenol by fruit cuticles (i.e., tomato, apple, and pepper), and potato tuber periderm were investigated.
The roles of cuticular components (waxes, cutin, cutan and sugar) on sorption of chlorophenols are quantitatively compared. Cutin and
waxes govern the sorption capacity of bulk apple cuticle by hydrophobic interactions. Potato periderm with highest sugar content
exhibits the lowest sorption capability for the chlorophenols. With the increase of hydrophobicity (i.e., Kow ) of sorbate, the relative
contribution of lipophilic components (wax, cutin and cutan) on total sorption increases, however, the ratios of Koc to Kow decreases
due to increasing ionization degree of sorbates.

Key words: potato periderm; fruit cuticle; chlorophenol; sorption; waxes; cutin
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Introduction

Plant cuticles (above-ground parts) along with periderm
(below-ground) covered the outmost of higher plants play
a significant role in the physiology and autecology of
plant. Plant cuticles serve as the initial contact of plant
tissue with agrichemicals and environmental contaminants
(Chen et al., 2005; Koch et al., 2008; Wang et al., 2008).
Cuticle is mainly made up of the lipid biopolymer, e.g.,
waxes, cutin and cutan, and non-lipid components, e.g.,
polysaccharides, polypeptides and phenolic compounds
(Müller and Riederer, 2005; Li and Chen, 2009). Waxes
are the extractable lipids by organic solvents, whereas
cutin (depolymerizable ester-bound lipids) and cutan (non-
saponifiable biopolymer) are insoluble polymeric lipids
(Li and Chen, 2009). As an initial process of cuticle
(periderm) penetration, sorption process dominated the
efficiency of agrichemicals plant uptake and the degree of
contaminants plant accumulation (Riederer and Schnöherr,
1984; Buchholz, 2006). Several studies were conducted
to illustrate the sorption characteristics and mechanisms
of nonpolar organic compounds by plant cuticles (Rieder-
er and Schnöherr, 1984; Sabljic et al., 1990; Chefetz,
2003; Chen et al., 2005, 2008; Chen and Li, 2007; Li
and Chen, 2009; Li et al., 2010). Plant cuticles were
demonstrated to be highly efficient sorbents for nonpolar
organic compounds (Riederer and Schnoherr, 1984), and
their sorption coefficients were predictable from the oc-

* Corresponding author. E-mail: blchen@zju.edu.cn

tanol/water partition coefficients (Kow ) of sorbates (Sabljic
et al., 1990). Recently, the relative role of each cuticle
composition on total sorption behavior was illustrated
(Chefetz, 2003; Chen et al., 2005, 2008; Shechter et al.,
2006; Li and Chen, 2009; Li et al., 2010). Wax and cutin
were the main sorption contributors of cuticle for nonpolar
organic pollutants, whereas polar sugar component played
a negative role. The sugar component with poor affinity
exhibited restrictive effect on the powerful sorptive regions
of cuticle (Chefetz, 2003; Chen et al., 2005; Li and Chen,
2009). Sorption coefficients of nonpolar organic pollutants
were sharply decreased after the removal of cutin, but
increased with the consumption of sugar component via
acid hydrolysis (Chefetz, 2003; Shechter et al., 2006; Chen
et al., 2008; Li et al., 2010).

In comparison with nonpolar organic contaminants
(NOCs), few studies focused on sorption property and
mechanism of polar and ionizable organic pollutants onto
plant cuticles. Differently from NOCs, ionizable organic
pollutants exist either as non-dissociated (molecular) or
as dissociated species (organic ion) in aqueous solution.
Sorption properties of the two species may be distinctive.
Dissociated species often has low partition coefficients
with plant cuticles, because ionic groups are surrounded
by water molecules and the hydrated organic molecules are
essentially insoluble in cutin and waxes (Schönherr, 2006).
Non-dissociated polar organic molecules are expected to
affinity with cutin and waxes through hydrophobic inter-
action, as well as with polar groups of plant cuticle via
specific interaction. Thus, the relative role of each com-
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ponents of cuticle on sorption of polar organic pollutants
would be quite different with that of NOCs. Taking 1-
naphthol as an example, sorption coefficient of pepper
cuticle did not increase but slightly decreased after sugar
removal, suggesting that sugar component seems to play a
positive role in uptake of polar organic pollutants (Chen et
al., 2005). However, sugar removal resulted in an increase
of sorption capacity of 1-naphthol onto tomato cuticle
(Chen and Li, 2007). Therefore, more works are needed
to well understand sorption of ionizable organic pollu-
ants with plant surface since most foliar agrichemicals
and many environmental contaminants are ranked to this
species.

The main objective of this study is to elucidate
relationship between sorption properties of ionizable or-
ganic pollutants and compositional characteristics of plant
cuticles. Three chlorophenols, i.e., 4-chlorophenol, 2,4-
dichlorophenol, and 2,4,6-trichlorophenol, were selected
as representatives of ionizable organic pollutants, because
they are widely presented in the effluents from pesticides,
dyestuffs, pharmaceuticals, petrochemicals industries (Kah
and Brown, 2006; Núñez-Gaytán et al., 2010). Three
typical fruit cuticles, such as apple, pepper and tomato, as
well as potato periderm were chosen as models of plant
surfaces.

1 Material and methods

1.1 Isolation of plant cuticle and periderm fractions

Bulk cuticles of tomato (Solanum lycopersicum, TC1) and
green pepper (Capsicum annuum, PC1), as well as potato
periderm fraction (Solanum tuberosum, PP1) were selected
and isolated as described previously (Chen et al., 2005;
Li and Chen, 2009). Their composition characteristics
have been described (Chen et al., 2005; Li and Chen,
2009), and the yields of the cuticular components were
cited as follows: respective waxes content of 6.2%, 6.4%
and 13.4% for pepper cuticle, tomato cuticle and pota-
to periderm; cutin/suberin content of 64.8%, 69.5% and
21.5%; cutan/suberan content of 7.9%, 0% and 21.2%;
sugar content of 21.5%, 24.0% and 43.9%.

Apple cuticle was isolated from apple fruits (Malus
domestica) by enzymatic method modified from procedure
described by Orgell (1955) and Yamada et al. (1964).
Briefly, cuticle sheets were manually peeled from fresh
apple fruits, and then were incubated in a mixture of
cellulase (2%, W/V), pectinase (2%, W/V), and NaN3 (1
mmol/L) in citric acid buffer (20 mmol/L, pH 3.8) at room
temperature. Enzyme solution was refreshed periodically

until the cuticle fully separated from the tissue. Subse-
quently, cuticles were washed extensively in deionized
water, oven-dried at 60°C, ground, and sieved (< 0.18 mm)
for sorption experiments. This procedure yielded the bulk
apple cuticle fraction (AC1). Six apple cuticular fractions,
i.e., dewaxed apple cuticle (AC2), nonsaponifiable fraction
(AC3), cutan (dewaxed-nonsaponifiable fraction AC4),
dewaxed-hydrolyzed cuticle (AC5), desugared residue
(AC6) and waxes fraction (AW), were obtained according
to the procedure described previously (Chen and Li, 2007;
Li and Chen, 2009).

1.2 Characterization of the apple cuticular fractions

Elemental (C, H, N) analyses for the apple cuticular
fractions (AC1–AC6, AW) were conducted using an EA
112 CHN elemental analyzer (Thermo Finnigan, USA),
while the oxygen content was calculated by the mass
difference because the ash content was neglected. The H/C
and (O+N)/C atomic ratios were calculated. Because the
tomato cuticle, pepper cuticle, potato periderm used in the
current study were the same as our previous reports (Chen
et al., 2005; Li and Chen, 2009), the CHNO data for these
samples were cited from the reference.

1.3 Batch sorption experiment

4-Chlorophenol (CP), 2,4-dichlorophenol (DCP), and
2,4,6-trichlorophenol (TCP) were chosen as represen-
tatives of polar organic pollutants, and their selected
physicochemical properties are listed in Table 1. Sorption
of sorbate onto the isolated cuticular and peridermal frac-
tions (AC1–AC6, AW, TC1, PC1 and PP1) was performed
at (25 ± 0.5)°C by a batch equilibrium technique (Chen
et al., 2008). Each isotherm consisted of eight or ten
concentration points, and each point (including the control
and calibration) was run in duplicate. The background
solution included 0.01 mol/L CaCl2 (to keep a constant
ionic strength) and 200 mg/L NaN3 (to inhibit incidental
biodegradation). The pH of the solution was kept orig-
inal without any adjustment, i.e., pH 6.9 for 400 mg/L
4-chlorophenol, pH 6.4 for 400 mg/L 2,4-dichlorophenol,
and pH 5.5 for 250 mg/L 2,4,6-trichlorophenol. The
sorption properties of each compound to plants or plant
components were generated in the different pH environ-
ment. To compare their sorption properties, the degree
of ionization (α) of the sorbates at different pH values
were calculated, i.e., α = 0.36% for 4-chlorophenol at
pH 6.9, α = 3.23% for 2,4-dichlorophenol at pH 6.4, and
α = 20.1% for 2,4,6-trichlorophenol at pH 5.5. The 8-
mL vials were filled with sorbate solution to minimize
the headspace volumes of the vial and sealed with alu-

Table 1 Selected properties of the tested chlorophenols

Organic pollutant M (g/mol) Sw (mg/L) logKow pKa π∗ βm αm

4-Chlorophenol (CP) 128.56 26300 2.39 9.38 0.72 0.23 0.67
2,4-Dichlorophenol (DCP) 163.00 4600 3.11 7.90 0.87 0.18 0.78
2,4,6-Trichlorophenol (TCP) 197.45 800 4.02 6.10 1.01 0.08 0.82

M: molecular weight; S w: water solubility; Kow: octanol-water partition coefficient; pKa: dissociated constant; π*: polarity/polarizability parameter; βm:
hydrogen-bonding acceptor parameter; αm: hydrogen-bonding donor parameter. Data of π*, βm, and αm were obtained from the reference of Kamlet et
al., 1988.
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minum foil-lined Teflon screw caps to avoid sorbate’s
evaporation, and then agitated in the dark for 3 days. The
solution was separated by centrifugation at 4000 r/min for
20 min. Supernatant concentrations of the tested sorbate
were measured with an Agilent 1200 High Performance
Liquid Chromatograph (HPLC, USA) fitted with G1314B
variable wavelength detector and Agilent Eclipse XDB-C
18 column. The concentrations in the control groups were
also determined, and remained the same during the exper-
imental period. Because of minimal sorption by the vials,
and negligible losses from evaporation, biodegradation and
photodegradation, the sorbed amount was then determined
by difference in aqueous concentration between nominal
aqueous concentration without sorbent and with sorbent.

1.4 Data analysis

The Freundlich parameters (Kf and N) were calculated
using the logarithmic form of Eq. (1):

Q = Kf ×CN
e (1)

where, Q (mg/kg) is the sorbed amount per unit weight
of sorbent; Ce (mg/L) is the equilibrium concentration of
sorbate; Kf ((mg/kg)/(mg/L)N) is the Freundlich capacity
coefficient, and N (dimensionless) describes the isotherm
curvature. Sorption coefficients (Kd) were calculated from
the slope of the linear isotherms. The Koc is the carbon-
normalized Kd, i.e., Koc = Kd/ foc ( foc is the carbon level

of sorbent). Kowc is the carbon-normalized Kow (Kowc =

Kow/ foc, foc is the percentage of carbon content of octanol,
i.e., 73.8%). For apple cuticle, the relative contribution
(RC) of each component to the total sorption was estimated
by the ratio of the fiKd,i (where i represents wax, cutin,
cutan, and sugar) to Kd of bulk apple cuticle (Li and Chen,
2009).

2 Results and discussion

2.1 Characterization of plant cuticles

The mass fractions and elemental compositions of isolated
apple cuticular fractions (AC1–AC6, and AW) are listed in
Table 2, which is similar to previous report (Li and Chen,
2009). Cutan exhibited the highest aromatic nature.

2.2 Sorption of plant cuticles and periderm

Sorption isotherms of three chlorophenols to bulk fruit
cuticles (AC1, PC1 and TC1) and potato periderm (PP1)
are presented in Fig. 1. Isotherms fit well to the Fre-
undlich equation, and the regression parameters are listed
in Table 3. The sorption isotherms are apparently linear,
suggesting that the dominant mechanism is partition (hy-
drophobic interaction). For 4-chlorophenol, the magnitude
of sorption coefficients (Kd) are in the order of pepper
cuticle (PC1, 155 L/kg) > apple cuticle (AC1, 124 L/kg)

Table 2 Elemental analysis and atomic ratios of fruit cuticles and potato periderm

Sample Yield C (%) H (%) N (%) O (%)c H/C (N+O)/C

AC1a 100 69.84 10.29 0.64 19.24 1.76 0.21
AC2a 62.7 61.36 8.80 1.15 28.69 1.71 0.37
AC3a 22.4 46.53 6.68 1.73 45.06 1.71 0.76
AC4a (cutan) 6.1 56.20 6.36 1.20 36.25 1.35 0.50
AC5a 41.7 67.73 9.13 0.45 22.69 1.61 0.26
AC6a 78.8 73.95 10.62 0.25 15.18 1.71 0.16
AWa 37.3 78.40 11.38 0.24 9.97 1.73 0.10
TC1b – 63.45 8.78 1.45 26.32 1.65 0.33
PC1b – 64.20 9.29 1.06 25.45 1.72 0.31
PP1b – 47.44 6.46 2.92 43.18 1.62 0.74
a AC1: bulk cuticle of apple; waxes (AW) were extracted from AC1 by Soxhlet extraction, yielded dewaxed cuticle (AC2); saponification of AC2
produced nonsaponifiable fraction (AC3); AC1, AC2 and AC3 samples were acid hydrolyzed to yield a desugared residue (AC6), dewaxed-hydrolyzed
cuticle (AC5) and cutan (AC4), respectively; b the CHNO data for tomato and pepper cuticle (TC1 and PC1) as well as potato periderm (PP1) were cited
from our previous report (Chen et al., 2005; Li and Chen, 2009); coxygen content was calculated by the mass difference.

Table 3 Sorption regression parameters of 4-chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol onto three fruit cuticles and potato periderm

Sorbate Sorbenta logKb
f Nb Freundlich R2 Kd

c (L/kg) Linear R2 Koc
d Koc/Kowc

e nf

4-Chlorophenol AC1 2.329±0.039 0.913±0.024 0.995 124±4.0 0.992 178 0.536 19
TC1 2.160±0.052 0.987±0.031 0.993 117±4.9 0.986 184 0.554 20
PC1 2.296±0.024 0.969±0.014 0.998 155±3.2 0.996 241 0.726 19
PP1 1.481±0.052 1.030±0.028 0.995 31.9±1.1 0.990 67.2 0.202 20

2,4-Dichlorophenol AC1 2.804±0.035 0.925±0.025 0.995 400±9.8 0.995 573 0.328 18
TC1 2.928±0.021 0.891±0.017 0.998 445±11.5 0.994 701 0.402 20
PC1 3.049±0.025 0.889±0.018 0.997 581±16.3 0.993 905 0.519 20
PP1 2.302±0.019 0.904±0.011 0.999 111±1.9 0.997 234 0.134 20

2,4,6-Trichlorophenol AC1 2.923±0.063 0.969±0.045 0.983 787±32.6 0.985 1127 0.079 20
TC1 2.927±0.072 1.102±0.067 0.975 1449±44.9 0.993 2284 0.161 18
PC1 3.217±0.031 0.953±0.025 0.995 1404±42.5 0.993 2187 0.154 20
PP1 2.608±0.016 0.914±0.011 0.999 252±2.37 0.999 531 0.037 19

aAll sorbents were the bulk plant skins; b the Freundlich parameters (Kf and N) were calculated using the logarithmic form of Eq. (1); R2 is regression
coefficient; c Kd is the sorption coefficient (Kd = Q/Ce), calculated from the slope of linear equation; d Koc is the carbon-normalized sorption coefficient
(Koc = Kd/ foc); e Kowc is the carbon-normalized octanol-water partition coefficient of chlorophenols (Kowc = 332, 1745, 14188 for 4-chlorophenol,
2,4-dichlorophenol, and 2,4,6-ttrichlorophenol, respectively); f n is the number of sorption data.
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> tomato cuticle (TC1, 117 L/kg) > potato periderm
(PP1, 31.9 L/kg). The Koc/Kowc ratios for 4-chlorophenol
range 0.20–0.73 (Table 3), much lower than those of
phenanthrene (Koc/Kowc = 0.90–2.72) with these four plant
surfaces (Chen et al., 2005; Li and Chen, 2009). This may
be attributed to that the polar function group (–OH) of 4-
chlorophenol significantly decreases the affinity for plant
cuticles. Magnitude of sorption increases with the increase
in sorbate’s Kow, e.g., Kd (2,4,6-trichlorophenol) > Kd
(2,4-dichlorophenol) > Kd (4-chlorophenol). For the tested
polar chemicals, potato periderm shows the poorest affinity
due to its highest sugar content. Tomato cuticle exhibits
most sensitive to the hydrophobicity of sorbates, and the
Kd value for 2,4,6-trichlorophenol is up to 12-times higher
than 4-chlorophenol, while for the other plant cuticles the
ratio of Kd (2,4,6-trichlorophenol) to Kd (4-chlorophenol)
are about 6–9. Considering the strong affinity of cutin
with organic compounds via hydrophobic interaction, the
highest cutin content of tomato cuticle (69.5%, Table 2)
is accounted for its biggest increase in Kd with increasing
Kow of the sorbates. In the previous study with the same
content of cutin in tomato cuticles, the same trends were
observed (Li and Chen, 2009). That could explain that the
presence of cutin plays the critical role in strong affinity.

Although the enhancement affinity with plant cuticles
during the increase of sorbates’ Kow was observed, how-
ever, the ratios of Koc/Kowc decreased with increasing
ionization degree of the sorbates (α = 1/(1+10(pKa-pH))),
i.e., 2,4,6-trichlorophenol (α= 20.1% at pH 5.5) > 2,4-
dichlorophenol (α = 3.23% at pH 6.4) > 4-chlorophenol
(α= 0.36% at pH 6.9). These indicate that the affinity
of plant cuticle with organic molecular species is much
stronger than the ionic species of organic compound.

2.3 Sorption isotherms of apple cuticular fractions

Sorption isotherms of isolated apple cuticular fractions
(AC1–AC6 and AW) are presented in Fig. 2. Isotherms
fit well to the Freundlich equation, and the regression pa-

rameters are listed in Table 4. All apple cuticular fractions
(except AC4) presented linear isotherms, suggesting the
dominant sorption mechanism was the partitioning process
into organic phase.

Because of the heterogeneous nature, sorption of bulk
plant cuticle is contributed from a series of interactions
of different cuticular components with sorbate. However,
few studies dealt with the effects of physicochemical
properties of sorbate (e.g., hydrophobic nature and po-
larity) on the sorption characteristic of different cuticular
components (such as waxes, cutin, cutan and sugar). Kd
of 4-chlorophenol on AW is 57.8 L/kg, which is much
lower than the sorbate’s Kow value (Koc/Kowc = 0.222).
The Kd ratio of waxes (AW) to bulk cuticle (AC1) is
0.47 (Table 4), suggesting that the contribution of waxes
to the total sorption of apple bulk cuticle is relatively
low (17.4%, Table 6). With increase in Kow value, the
respective Kd value of AW increases to 194 L/kg for 2,4-
dichlorophenol and 517 L/kg for 2,4,6-trichlorophenol,
and their relative contribution of wax to total sorption
increases correspondingly to RC = 18.1% and 24.5%. It is
also worth noting that the Koc/Kowc value for phenanthrene
(nonpolar) on AW (2.16) is larger than that of 2,4,6-
trichlorophenol (0.046), i.e., 47-fold. Furthermore, the
relative contribution of wax to phenanthrene sorption is up
to 52.97% (Li and Chen, 2009), which is two-fold higher
than that of 2,4,6-trichlorophenol (24.5%). This is a good
evidence to demonstrate that polar group of chlorophenols
can heavily depress the strong hydrophobic affinity of
waxes. Sorption coefficients of chlorophenols all slightly
increased after waxes removal, i.e., both Kd(AC2)/Kd(AC1)
andKd(AC5)/Kd(AC6) > 1 (Table 5), indicating that waxes
were not the major sorption medium for polar organic
pollutants to the bulk plant cuticles.

The absence of cutin monomer decreased the Kd value
(i.e., Kd(AC3)/Kd(AC2), Kd(AC4)/Kd(AC5) < 1, Table 5), demon-
strating that cutin component was a powerful sorption
medium for polar organic pollutants. Moreover, the drop

Table 4 Sorption regression parameters of 4-chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol onto apple cuticular fractions

Sorbate Sorbent logKf N Freundlich R2 Kd (L/kg) Linear R2 Koc Koc/Kowc n

4-Chlorophenol AC1 2.329±0.039 0.913±0.024 0.995 124±4.0 0.992 178 0.536 19
AC2 2.334±0.024 0.971±0.014 0.998 169±3.5 0.996 275 0.828 20
AC3 1.229±0.235 1.107±0.132 0.913 33.7±1.7 0.983 72.4 0.218 20
AC4 1.692±0.076 1.097±0.041 0.991 72.6±1.7 0.996 129 0.389 18
AC5 1.833±0.080 1.179±0.047 0.987 142±4.2 0.992 210 0.633 20
AC6 1.737±0.110 1.154±0.061 0.980 95.1±3.1 0.992 129 0.389 18
AW 1.647±0.083 1.078±0.044 0.989 57.8±2.4 0.986 73.7 0.222 19

2,4-Dichlorophenol AC1 2.804±0.035 0.925±0.025 0.995 400±9.8 0.995 573 0.328 18
AC2 3.048±0.028 0.882±0.020 0.997 578±22.7 0.990 942 0.540 15
AC3 1.005±0.153 1.203±0.077 0.978 36.5±1.4 0.992 78.4 0.045 14
AC4 2.706±0.032 0.805±0.020 0.995 177±5.2 0.992 315 0.181 20
AC5 2.821±0.033 0.949±0.024 0.995 492±13.4 0.993 726 0.416 20
AC6 2.751±0.019 0.927±0.012 0.998 373±6.2 0.998 504 0.289 20
AW 2.696±0.022 0.834±0.014 0.998 194±6.1 0.991 247 0.142 20

2,4,6-Trichlorophenol AC1 2.923±0.063 0.969±0.045 0.983 787±32.6 0.985 1127 0.079 20
AC2 3.241±0.011 0.962±0.009 0.999 1399±19.7 0.998 2280 0.161 20
AC3 1.503±0.059 0.958±0.036 0.989 32.7±1.3 0.985 70.3 0.005 20
AC4 3.020±0.018 0.768±0.012 0.998 287±8.1 0.993 511 0.036 20
AC5 3.285±0.019 0.979±0.016 0.998 1663±13.1 0.999 2455 0.173 20
AC6 3.161±0.007 0.959±0.006 1.000 1186±9.6 0.999 1604 0.113 20
AW 2.684±0.029 1.033±0.022 0.997 517±6.0 0.999 659 0.046 19
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Table 5 Ratios of sorption coefficients (Kd) with different apple cuticular fractions

Different coexisting component Sample Kd,CP ratio Kd,DCP ratio Kd,TCP ratio Same coexisting component

Sugar AC6/AC1 0.77 0.93 1.51 Wax, cutin and cutan
AC5/AC2 0.84 0.85 1.19 Cutin and cutan
AC4/AC3 2.15 4.85 8.78 Cutan

Wax AC2/AC1 1.36 1.45 1.78 Sugar, cutin and cutan
AC5/AC6 1.49 1.32 1.40 Cutin and cutan

Cutin AC3/AC2 0.20 0.06 0.02 Sugar and cutan
AC4/AC5 0.51 0.36 0.17 Cutan

Table 6 Relative contribution of waxes, cutin, and cutan to the sorption of chlorophenols by bulk apple cuticles

Sorbate Kd (L/kg) a RCb
waxes (%) RCb

cutin (%) RCb
cutan (%) RCb

sugar (%) Σc RC (%)

4-Chlorophenol 124±4.0 17.4 79.3 3.6 4.4 105
2,4-Dichlorophenol 400±9.8 18.1 88.6 2.7 1.5 111
2,4,6-Trichlorophenol 787±32.6 24.5 110.5 2.2 0.7 138

a Sorption coefficients (Kd = Q/Ce) were calculated from experimental isotherms of bulk apple cuticle; b the relative contribution (RC) of each
component was calculated by the ratio of the fiKd,i to Kd of bulk cuticle. The symbol of i represents wax, cutin, cutan and sugar; fi is the percentage of
i component in bulk apple cuticle (Table 2); Kd,i is the sorption coefficient of i component; c ΣRC is the sum of RC of waxes, cutin, cutan and sugar.

was dependent on the Kow values of sorbates, i.e., the
higher Kow the bigger fall with the absence of cutin
(Table 5). For example, Kd values of dewaxed apple
cuticle (AC2) decreased 5, 17 and 50 times after alka-
line saponification, i.e., Kd(AC3)/Kd(AC2) = 0.20, 0.06 and
0.02 for 4-chlorophenol, 2,4-dichlorophenol and 2,4,6-
trichlorophenol, respectively. This was attributed to the
hydrophobic rubbery nature of cutin fractions, producing
high affinity for lipophilic sorbates (Shechter and Chefetz,
2008). To assess the relative contribution of cutin, sorption
coefficients (Kd) of cutin was estimated through mass
balance, i.e., Kd,AC2× f2= Kd,AC3× f3+Kd,cutin× fcutin, where
f2, f3, and fcutin are the corresponding mass contents of
AC2, AC3 and cutin in the bulk apple cuticle (Li and Chen,
2009). The respective calculated Kd of cutin were 244,
879 and 2158 L/kg for 4-chlorophenol, 2,4-dichlorophenol
and 2,4,6-trichlorophenol. Correspondingly, their relative
contribution of cutin was 79.3%, 88.6% and 110.5%,
which were much higher than that of the other cuticular
components.

Cutan (AC4) showed the most nonlinear isotherms for
the stronger π–π bonding interaction (Table 4). With
the increase in Kow of sorbates, the nonlinearity raised
due to the increasing π* parameter (Table 1) (Li et
al., 2010), and the sorption coefficients of cutan (AC4)
were also enhanced, i.e., Koc = 129, 315 and 511
L/kg for 4-chlorophenol, 2,4-dichlorophenol and 2,4,6-
trichlorophenol, respectively. These values were similar
to the sorption coefficients of polar sorbates with Kow
values of 257–501 onto pure cutan of A. americana
leaves, i.e., Koc = 340, 110 and 260 L/kg for atrazine,
carbamazepine and chlorotoluron, respectively (Shechter
and Chefetz, 2008). The lower sorption capacity of polar
sorbates was attributed to the polar adsorptive sites in
cutan inaccessible for sorption interactions. In comparison,
cutan exhibited powerful sorption capability for nonpolar
organic pollutants (i.e., phenanthrene and naphthalene),
but the relative role of cutan depended upon whether the
sugar component existed or not. With the coexistence of
sugar, the sorption of cutan was completely suppressed.

Hence, for nonpolar organic pollutants, sorption coeffi-
cients of cutan were usually much higher than that of
AC3 (e.g., AC4/AC3 = 11 for phenanthrene). However,
the enhancement in Kd was smaller for 4-chlorophenol
after acid hydrolysis (Kd(AC4)/Kd(AC3) = 2.15), indicating
that the suppression effect of sugar was not so heavily
when the sorbates were polar organic pollutant (Table 5).
Moreover, such suppression effect became more and more
distinctively with sorbate’s Kow increasing, supported by
the higher enhancement of Kd values after acid hydrolysis,
i.e., Kd(AC4)/Kd(AC3) = 4.85 for 2,4-dichlorophenol and 8.78
for 2,4,6-trichlorophenol. Despite the slighter suppression
effect, the relative contribution of cutan to total sorption of
bulk cuticle was very small (2.2%–3.6%) for the selected
chlorophenols, which was similar to the contribution of
cutan to phenanthrene sorption (2.84%).

The affinity of sugar with chlorophenols was the poor-
est in comparison with other components. Interestingly,
the Kd values of 4-chlorophenol, 2,4-dichlorophenol and
2,4,6-trichlorophenol with AC3 were 33.7, 36.5 and 32.7
L/kg, respectively, which were quite similar. According to
Table 2, the main composition of AC3 was cutan (27%)
and sugar (73%). Since the sorption capacity of cutan was
powerful and increased with the increase of sorbate’s Kow,
sorption capacity of AC3 was expected to correspondingly
rise. The almost constant Kd values of AC3 indicated that
cutan in AC3 were unavailable to sorbates. Sorption of
AC3 mainly was contributed from sugar, and the sorption
capacity of sugar was similar for the selected chlorophe-
nols because the sorption process was specific interactions
(such as dipole-dipole and ion-dipole interaction) rather
than hydrophobic interaction.

The relative roles of sugar to sorption of chlorophenols
were sorbate-dependent. Kd value of 2,4,6-trichlorophenol
increased after sugar removal, i.e., Kd(AC6)/Kd(AC1) = 1.51
and Kd(AC5)/Kd(AC2) = 1.19, consistent with previous re-
ports (Chen et al., 2005). Nevertheless, the Kd values
for 4-chlorophenol and 2,4-dichlorophenol decreased after
acid hydrolysis (Kd(AC6)/Kd(AC1) and Kd(AC5)/Kd(AC2) < 1,
Table 6). Chen et al. (2005) observed a similar phenomena,
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Fig. 1 Sorption isotherms of 4-chlorophenol, 2,4-dichlorophenol, and
2,4,6-trichlorophenol onto fruit cuticles and periderm. AC1: bulk apple
cuticle; TC1: bulk tomato cuticle; PC1: bulk pepper cuticle; PP1: bulk
potato periderm.

i.e., sorption affinity of 1-naphthol on pepper cuticle de-
creased after sugar removal (Kd(AC5)/Kd(AC2) <1). In these
cases, sugar did not play a negative role anymore and
presented as an effective sorption medium, with relative
contribution of 4.4% and 1.5% for 4-chlorophenol and 2,4-
dichlorophenol, respectively (Table 6).

Note that, the sum of relative contribution was up
to 100%, meaning that suppression effects between dif-
ferent cuticular components on sorption existed. This
effect became stronger with Kow increasing, supported
by the increasing total RC of sorption from 105% for
4-chlorophenol to 138% for 2,4,6-trichlorophenol. With
the increase of sorbate’s Kow, the Koc/Kowc ratios for all
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Fig. 2 Sorption isotherms of 4-chlorophenol, 2,4-dichlorophenol, and
2,4,6-trichlorophenol onto apple cuticular fractions.

cuticular fractions decreased. Positive correlation of the
decreasing degree of Koc/Kowc ratios with the sorbents’
polarities is observed. For AC3 with highest polarity (Table
2), the Koc/Kowc ratios of 2,4,6-trichlorophenol was 44
times lower than 4-chlorophenol, which may be attributed
to the higher suppression effect contributed by the higher
polarity of sorbents.

In summary, cutin and waxes are the major sorption
medium of apple bulk cuticle with chlorophenols, and the
dominant sorption mechanism is hydrophobic interactions.
The ratios of Koc/Kowc decrease for the increasing degree
of ionization of the sorbates. Sorption capacity of plant cu-
ticle/periderm samples increases with increasing sorbate’s
Kow (except AC3). The polarity rooting from sorbents and
sorbates could restrict hydrophobic interactions, and the
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Koc/Kowc ratios decrease with the increase of sorbates’ Kow.
The relative contribution of each cuticular component is in
an order of cutin > waxes > sugar (cutan). With the in-
crease of Kow values, the relative contribution of lipophilic
components (wax, cutin and cutan) on sorption increases,
whereas the contribution of polar sugar decreases.
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