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ABSTRACT

Sorption of phenanthrene (PHE) and pyrene (PYR) in several sorbents, i.e., natural soil, BionSoil®, Pahokee peat,
vermicompost and Devonian Ohio Shale and a surfactant (hexadecyltrimethyl ammonium chloride)-modified
montmorillonite (HDTMA-M) were investigated. Pyrene exhibited higher sorption tendency than phenanthrene, as
predicted by its higher octanol to water partition coefficient (K,,). Several sorption models: linear, Freundlich, solubility-
normalized Freundlich model, and Polanyi-Manes model (PMM) were used to analyze sorption isotherms. Linear
isotherms were observed for natural soil, BionSoil®, Pahokee peat, vermicompost, while nonlinear Freundlich isotherms
fitted for Ohio shale and HDTMA-M. The relationship between sorption model parameters, organic carbon content ( f.),
and elemental C/N ratio was studied. In the binary competitive sorption of phenanthrene and pyrene in natural soil,
competition between the solutes caused reduction in the sorption of each solute compared with that in the single-solute
system. The ideal adsorbed solution theory (IAST) coupled with the single-solute Freundlich model was not successful in
describing the binary competitive sorption equilibria. This was due to the inherent nature of linear sorption of
phenanthrene and pyrene in natural soil. The result indicates that the applicability of IAST for the prediction of binary
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competitive sorption is limited when the sorption isotherms are inherently linear.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) with several
aromatic rings are commonly derived from inadequate
combustion of raw materials in the coal and petrochemical
industries, automotive exhaust emissions, and leakage of oil
products. Because of their high toxicity and durability, the
US Environmental Protection Agency (EPA) reported that
PAHs are major pollutants in groundwater and soil
(Krzyszczak et al., 2022). PAHs have been sustained in the
environment for a long time and are extremely resistant to
natural degradation processes because of their low
biodegradability, weak ionization capacity, low water solu-
bility (Zhu et al., 2016). The incidence of PAHs pollution in

the environment has significantly increased in recent
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decades. Furthermore, PAHs must be rapidly removed from
the aquatic environment because they build up in living
tissues and have been linked to a variety of diseases and
concerns in humans (Luna et al., 2016). PAHs have been
removed from aqueous and solid systems using a variety of
techniques, including adsorption, flocculation, coagulation,
membrane filtration, solvent extraction, biological treatment
and advanced oxidation processes (AOPs) (Akinpelu et al.,
2019; Al-Masud et al., 2022a; Masud et al., 2022; Niasar et
al., 2016; Nystrom et al.,, 2020; Pathak et al., 2022).
However, the types of adsorbents are crucial for the
effectiveness of adsorption toward particular pollutants.
The competitive adsorption of organic compounds in
multi-solute systems has been predicted using the ideal
adsorbed solution theory (IAST). IAST has the advantages
that no mixture data are required and no restriction exists
for the type of pure-component isotherm equation (Qiao and
Hu, 2000), but IAST can make erroneous predictions
caused by a large difference in molecular size and adsorbent
heterogeneity (Oh et al., 2009). To overcome this drawback,
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many studies on IAST have been carried out (Chen et al.,
2022; Papageorgiou et al., 2009). Although several ther-
modynamic competitive sorption models such as ideal
adsorbed solution theory (IAST) and competitive Langmuir
model (CLM) have been used for understanding and predicting
competitive sorption of multi-solutes, little information is
currently available for sediments (Oh et al., 2009).

This study may lead to a better understanding of the
mechanistic explanation of PAHs' sorption behavior in
natural soil environments. In this study examines the details
of the adsorption of PAHs (phenanthrene and pyrene) on six
different sorbents, i.e., natural soil, BionSoil®, Pahokee peat,
vermicompost and Devonian Ohio Shale and a surfactant
(hexadecyltrimethyl ammonium chloride)-modified mont-
morillonite (HDTMA-M) soil through batch experiments.
Linear, Freundlich, Solubility-normalized Freundlich, Polanyi-
Manes (PM), and binary competitive sorption models were
applied to fit the sorption isotherms. The objectives of this
study were to (1) compare the adsorption of phenanthrene
and pyrene; (2) compare the sorption of different sorbents;

and (3) compare different models for sorption with sorbents.
2. Materials and Method

2.1. Chemicals

C-radiolabeled phenanthrene (PHE, ARC, 53.2 Ci/mol,
>99%)) and pyrene (PYR, ChemSyn Laboratories, 53.2 Ci/
mol, >99.95%), were used as radiotracers, purchased from
Sigma-Aldrich Chemical Co. Physicochemical properties of
PHE and PYR are listed in Table S1. As a bacterial
inhibitor, 200 mg/L of NaN; was added to the solution.
Before each sorption experiment, solutions were prepared
by mixing *C stock solutions with an electrolyte solution
containing 1 mM CaCl,-2H,0, 0.5 mM MgCl,, and 1 mM
Na,B40,9'H,O (pH 7.0). All chemicals were used without
further purification.

2.2. Sorbents

Six different sorbents: Pahokee peat (International Humic
Substances Society, St. Paul, MN, USA), BionSoil® (Bion
Environmental Technologies, Inc., USA), vermicompost (or
earthworm casting) from a food waste composting industry

(Eco Biotech, Kyunggi-Do, Korea), Devonian Ohio shale
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(USGS, Denver, CO, USA), a natural soil collected from a
local horizon near Daegu, Korea, and montmorillonite-KSF
(Aldrich) modified with a cationic surfactant, hexadecyl
trimethyl-ammonium (HDTMA) to 50% of the CEC of the
montmorillonite (50% HDTMA-M) were used in this study.
50% HDTMA-M was prepared by following the procedure
by Kim et al. (1996) (Kim et al., 1996). Soil samples were
air-dried and sieved through 850 um (200 x 25 mm mesh
size, USA) before use. The sorbent properties were deter-
mined by Huffmann Laboratories, Inc. (Golden, CO, USA)
and are summarized in Table S2.

2.3. Experiment methods

Batch sorption experiments were conducted at 25°C in 40
mL amber glass vials (Fisher Co.) with open-top polypro-
pylene screw thread caps and Teflon-faced silicon septa
(Kimble Chase, USA). Control experiments were conducted
to investigate the sorption of chemicals on the surface of the
glassware, and the results showed that sorption of PHE and
PYR on the glass surfaces was negligible. To obtain sorption
isotherms, seven different initial concentrations (0.05 mg/L
to 1 mg/L for PHE and 0.005 mg/L to 0.1 mg/L for PYR)
of each compound were used. The headspace in the vials
was kept to a minimum after filling with sorbent and spiking
solutions. The sorbent/water mixture was horizontally mixed
in a shaker bath at a 25°C temperature. After 2 days of
mixing, the sorbent was separated from the solution by
centrifugation at 2,500 rpm for 20 min, and the residue
concentration in the supernatant was analyzed by a liquid
scintillation counter (LSC, EG &G Wallac Co., 1220 Quan-
tulus). The solid phase equilibrium concentrations were
calculated by assuming all concentration changes in the
solution phase resulted from sorption onto the solid phase.
All sorption experiments were conducted in duplicate.

Binary solutions ('*C-phenanthrene/'?C-pyrene or '*C-
phenanthrene/'*C-pyrene) were prepared by mixing each
PAH solution at the same mass concentration in a 1:1
volume ratio, resulting in seven different initial concentra-
tions (from 0.0025 to 0.1 mg/L) for each solute. Binary
sorption experiments were conducted in the same manner as
single sorption experiments. The equilibrium concentrations
in the mixture were also determined by LSC. The sorption

and desorption model parameters were determined by using
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a commercial software package, Table Curve 2D® (Version
5.1, Systat, Inc.).

2.4. Application of Adsorption Models
2.4.1. Linear Model

The linear sorption model is defined in equation (1):
q:KdC:KocfocC (l)

where ¢ (mg/g) = the equilibrium concentration in the solid
phase, K; (L/g) =the linear distribution coefficient, C (mg/
L) = the equilibrium concentration in the solution phase and
K,. (L/g OC) = organic carbon normalized partition coeffi-

cient and f,. = organic carbon content.

2.4.2. Freundlich Model
Freundlich model was also used to fit the single-solute

sorption in equation (2):
q:KFCNF :KF.ocfacCNF (2)

where Ky [(mg/kg)/(mg/L)N] and Ny (dimensionless) are the
Freundlich sorption coefficient and the Freundlich exponent,
respectively and Kz . [(mg/kg OC)/(mg/L)N] is the organic
carbon normalized Freundlich sorption coefficient (Al-
Masud et al., 2023).

2.4.3. Solubility-normalized Freundlich Model

In this study, a solubility-normalized Freundlich model
was used to fit the single-solute sorption in equation (3)
(Shin and Song, 2005):

c N,
q:KF(S_j =

where S,, (mg/L) is the solute’s aqueous solubility, X » (mg/

S (Sij 6

w

) is the unit-normalized Freundlich sorption coefficient and
K r oc (mg/kg OC) is organic carbon normalized form of K
The use of C/S,, yields that K values are independent of
the values of N. In Eq. (3), K has the same units as ¢ and
its magnitude is equal to the value of ¢ at C/S,, = 1. Thus
K- represents the mass of HOC sorbed per unit mass of
sorbent when the C approaches saturation (C—S,,),
regardless of the units of C. This approach implicates that
the unit-normalized Freundlich sorption coefficient (X ) has

both physical significance and meaningful units in addition

to providing a flexible choice of units for C.

2.4.4. Polanyi-Manes Model (PMM)
A sorption model based on Polanyi-Mane’s theory in

equation (4) was used to fit sorption data:

q = s XD v o EXP 2

4)

where ¢, is the maximum sorption capacity (mg/kg), «
and g are fitting parameters, V,, is the molar volume of the
solute (L/mol) and &, is the Polanyi’s adsorption potential
(=RT In (S,/C)). For =2, the Dubinin-Radushkevich
equation is obtained. In this study, # was fixed to be 2 to
decrease the number of parameters to be estimated (Kleinei-
dam et al., 2002).

2.4.5. Binary Competitive Sorption Model

Ideal adsorbed solution theory (IAST) was applied to
model binary competitive sorption of PHE/PYR in natural
soil. IAST is based on the equivalence of spreading pres-
sure in a mixture under equilibrium. The equivalence of
spreading pressure in a mixture containing N solutes leads
to equations (5-7) (Choi and Shin, 2020; Kim et al., 2005).

_ RT (aidlogC, _RT (sdlogC,
A 70 dlogg, : A 70 dlogg, :
_ RT cav d lOg CN d R (5)
A 70 dloggqgy
or
RT c g, RT (¢ g, RT ¢y qy
T =— -_— = — “Zdg, = =— AN )
PR 4, 4 oc q, y Io c, dy
(©6)
Other equations involved in IAST calculation are:
* ut * * 1
Cm.i = Zin P Z z; = I, q;, = f(C[ ), —
i=1 T
= Z,‘ 0 V(CI?II - Cm.i)
= T qm.i = ZiqT = qm.i t— (7)
i1 4 w

In the above equations, C,; and g,,; are equilibrium

concentration in the liquid phase and in the sorbed phase of
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a solute 7 in a mixture, respectively. Superscript O in these
variables represent initial concentration in N-solute sorption.
z; represents the mass fraction of solute i in the sorbed
phase, and C: and ¢ 1* refer to equilibrium concentrations in
the liquid and solid phases of solute i that sorbs singly from
solution at the same temperature and spreading pressure as
those of the mixture, respectively. The function f in q; =
f(Cj) denotes a single-solute sorption model for solute i.
qr is the total sorbed concentration of all solutes in the mix-
ture. V and W represent the solution volume and sorbent
weight, respectively. There are SN+1 equations in total,

while C,,., @i C’, qi", z, and g7 comprise a set of SN+1
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unknowns. Therefore, it can predict the multi-solute sorp-
tion data, g,,; vs. C,,;, by solving these equations simulta-
neously. A Fortran program was written to calculate
competitive sorption equilibria. The IAST calculations were
conducted in molar units and converted to mass units for

graphical representations.

3. Results and discussion

3.1. Single-Solute Sorption
Single-solute sorption of PHE and PYR to several sorbents
were presented in Fig. 1 and Fig. 2, respectively. Apparently,
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Fig. 1. Sorption isotherms of phenanthrene in several sorbents. (a) natural soil (0.1 g), (b) BionSoil® (0.03 g), (c) Pahokee peat (0.03 g),
(d) worm casting (0.03 g), (¢) Ohio shale (0.01 g) and (f) 50% HDTMA-M (0.01 g). Note changes in scale.
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Fig. 2. Sorption isotherms of pyrene in several sorbents. (a) natural soil (0.02 g), (b) BionSoil® (0.01 g), (c) Pahokee peat (0.01 g), (d)
worm casting (0.01 g), (e) Ohio shale (0.01 g) and (f) 50% HDTMA-M (0.01 g). Note changes in scale.

sorption isotherms of the PAHs were linear in natural soil,
BionSoil®, Pahokee peat and vermicompost, but nonlinear
in Ohio shale and 50% HDTMA-M. The model parameters
of linear, Freundlich, solubility-normalized Freundlich, and

PM models were listed in Tables 1, 2, and 3, respectively.

3.1.1. Linear model

As listed in Table 1, the linear isotherm model is well-
fitted with the coefficient of determination (R*>> 0.90) for
the all sorbents and both PHE and PYR. The partition
coefficient (K;) of PYR was higher than PHE for natural
soil, BionSoil®, Pahokee peat, and vermicompost sorbents,

except Ohio Shale and 50% HDTMA-M.

The K, increased linearly as f,. and C/N ratio increased
(R? > 0.94) except Ohio shale and 50% HDTMA-M. The
log K, values were in the order of 50% HDTMA > Ohio
Shale > BionSoil® > vermicompost > Pahokee peat > natu-
ral soil, except PYR in Ohio shale (Table 1). The log K.
values of sorbents were less than the log K, values of
phenanthrene (~ 4.46) and pyrene (~ 4.88) except Ohio shale
and 50% HDTMA-M. Similar results were observed by
Barriuso at al., (1992) (Barriuso et al., 1992). They showed
that K,. values for soils with high organic carbon contents

are usually lower than K,,, value, compared to the soils with

J. Soil Groundwater Environ. Vol. 27(6), p. 11~21, 2022
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Table 1. Linear sorption parameters for sorption of phenanthrene and pyrene in sorbents. (K,. = organic carbon normalized partition

coefficient)
Sorbent Sorbate K;* K, ° log K, SAR R? SSE
Natural soil PHE 0.253 + 0.002 11.25 + 0.10 4.051 1.0 0.9958 0.0002
PYR 1.137 £ 0.028 50.52 £ 1.26 4.703 1.0 0.9665 0.0003
BionSoil® PHE 1.983 £ 0.052 17.84 + 047 4251 7.8 0.9635 0.0435
PYR 4886 + 0.133 4394 £ 1.92 4.643 43 0.9593 0.0027
Pahokee peat PHE 5243 + 0.164 11.47 + 0.36 4.059 21 0.9484 0.1214
PYR 14.96 + 0.506 32.72 £ 1.11 4.515 13 0.9410 0.0066
Vermicompost PHE 1.659 + 0.050 12.11 + 0.37 4.083 6.6 0.9537 0.0492
PYR 5915 + 0.196 43.18 + 143 4.635 5.2 0.9343 0.0044
Ohio Shale PHE 7.336 + 0.404 75.78 + 4.18 4.880 29 0.9510 1.1300
PYR 5.328 + 0.272 55.04 + 2.81 4.741 4.7 0.9206 0.0040
50% HDTMA-M PHE 15.23 + 0.660 27544 + 11.94 5.440 60 0.9035 1.7500
PYR 12.33 £ 0.428 223.03 £ 7.74 5.348 11 0.9669 0.0052

Units: K; = (mg/g)/(mg/L) and K,. = (mg/g OC)/(mg/L).

Table 2. Freundlich and solubility-normalized Freundlich model parameters for sorption and desorption of phenanthrene and pyrene in
sorbents. (Kr,. and Kroe = organic carbon normalized Freundlich and solubility-normalized Freundlich coefficient, respectively)

Sorbent Solute Kr Nr Kr o Kr Kroe R®> SSE
Natural soil PHE 0.253 £ 0.006 0.9975 + 0.032 1123 + 0.27 0.2905 + 0.0082 1291 £ 036 0.995 0.0002
PYR 0.860 £ 0.203 09077 = 0.077 3824 + 9.02 0.1397 £ 0.0116 621 £0.52 0969 0.0003
BionSoil® PHE 2.186 = 0281 0.9854 + 0.111 19.66 + 2.53 2.5441 £ 0.3657 22.88 £ 329 0964 0.0419
PYR 2.870 £ 0.701 0.8456 = 0.070  25.81 + 6.31 0.5279 + 0.0558 475 £ 050 0.969 0.0021
Pahokee peat PHE 3.942 + 0577 0.8366 = 0.091 830 + 1.26 44313 £ 0.6980 9.70 £ 1.53  0.958 0.0965
PYR 9317 £4.573 0.8908 + 0.112  20.39 + 10.01 1.5653 + 04171 343 £ 091 0.944 0.0062
Vermicompost PHE 1.788 + 0229 1.0726 = 0.121 13.06 £ 1.67 2.0778 + 0.3004 2147 + 310 0954 0.0480
PYR 3.335 £ 1.125 1.1250 £+ 0.093 2434 + 821 0.6215 + 0.0941 642 £ 097 0945 0.0037
Ohio Shale PHE 4.158 = 0307 0.5643 £ 0.049 4295 + 3.18 44989 + 0.3632 32.84 £ 265 0973 0.2020
PYR 1.553 + 0.146 0.6349 + 0.026 16.04 + 1.51 0.4355 + 0.0186 3.18 £ 0.14  0.993 0.0005
50% HDTMA-M PHE 34.19 + 12,59 14452 + 0204 61834 + 227.64 41.85 + 16.62 756.78 + 30047 0933 1.1988
PYR 2425 + 1023 1.1687 £+ 0.105 438.59 +184.92 2.3356 + 0.4940 4224 + 893 0.973 0.0042

Units: Ky = [(mg/g)/(mg/L)N], N = dimensionless, K = mg/g, and Ky, = mg/g OC.

‘normal’ and very low organic carbon contents. The K.
values of PYR were higher than those of PHE indicating
higher sorption affinity of PYR due to its higher hydropho-
bicity.

3.1.2. Freundlich isotherm model

The sorption data of five different sorbents were fitted
using the Freundlich model, and model parameters and fit-
ting results are summarized in Table 2. As indicated by the
high R?values (> 0.93), the Freundlich model better describes
the adsorption process. The well-fitted adsorption process
with the high regression coefficient (R?>=0.933-0.995) of

all sorbents indicates the possibility of multilayer adsorp-
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tion (Shakya et al., 2022).

The Freundlich sorption coefficient, Ky, indicates the
sorption capacity of the sorbent. The Freundlich coefficient
(Kr) of PHE was in the order of 50% HDTMA-M (34.19) >
Ohio Shale (4.15) > Pahokee peat (3.94) > BionSoil® (2.18)
> vermicompost (1.78) > natural soil (0.25). The Freundlich
coefficient (Kr) was in the order of 50% HDTMA-M (24.25)
> Pahokee peat (9.13) > vermicompost (3.33) > BionSoil®
(2.87) > Ohio Shale (1.55) > natural soil (0.86) for PYR.

The Freundlich exponent (M), is a measure of the
deviation from linearity of the sorption. According to the
Freundlich theory, the adsorption isotherm becomes linear

when Ny = 1, favorable when Ny < 1, and unfavorable when
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Nr > 1. Moreover, the significance of the Nr value for the
adsorption of PHE and PYR onto the natural soil, BionSoil®,
Pahokee peat, and Ohio Shale is a chemical process (N <
1) and vermicompost and 50% HDTMA-M is a physical
process (Ng > 1) (Tran et al., 2017).

3.1.3. Solubility-normalized Freundlich model

The results of solubility-normalized Freundlich model
analysis were listed in Table 2. The solubility-normalized
Freundlich coefficient (K ) was in the order of 50% HDTMA-
M (41.85) > Ohio Shale (4.49) > Pahokee peat (4.43) >
BionSoil® (2.54)> vermicompost (2.07) > natural soil (0.29)
> for PHE. In PYR sorption, the order was 50% HDTMA-
M (2.33) > Pahokee peat (1.56) > vermicompost (0.62) >
BionSoil® (0.52) > Ohio Shale (0.43) > natural soil (0.13).
The organic carbon normalized solubility-normalized Freund-
lich coefficient (K 5 ,.) was in the order of 50% HDTMA-M
(756.78)) > Ohio Shale (32.84) > BionSoil® (22.88) >
vermicompost (21.47) > natural soil (12.91) > Pahokee peat
(9.7) for PHE. For pyrene, K, was in the order of 50%
HDTMA-M (42.24) > vermicompost (6.42) > natural soil
(6.21) > BionSoil® (4.75) > Pahokee peat (3.43) > Ohio

log K¢ oc
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Shale (3.18). The relationship between log K, or log Kz o
and log C/N ratio was presented in Fig. 3. The log Kz, and
log K s, values decreased linearly with log C/N for both
PHE and PYR.

3.1.4. Polanyi-Manes Model (PMM)

The nonlinear isotherm models, i.e., Polanyi—-Manes was
tested to fit the experimental data showed in Fig. 4.
Application of PMM had the highest adjusted coefficient of
determination (R?) both for PHE and PYR (Table 3). The
maximum sorption capacity ¢,,.. was calculated at equation
(4), based on the fitting results using PMM (Table 3). The
results indicated that PHE (PHE > PYR) was the maximum
adsorbed in all sorbents compared to PYR. For PHE, the
maximum sorption capacity (¢,...) was in the order of 50%
HDTMA-M 9.1 > Ohio Shale 2.7 > Pahokee peat 1.7>
BionSoil®” 1.1 > vermicompost 0.98 > natural soil 0.17. The
order of decrease in the g, value for sorption of PHE was
consistent with the decrease in K value (Table 2). For
pyrene, the maximum sorption capacity (¢,...) was in the
order of 50% HDTMA-M 0.66 > Pahokee peat 0.49 >
vermicompost 0.29 > BionSoil® 0.25 > Ohio Shale 0.24 >
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Fig. 3. Relationship between (a, b) log Kz, and (c, d) K'r .. vs. log C/N for sorption of Phenanthrene and pyrene in 50% HDTMA-M,
Ohio Shale, Pahokee peat, BionSoil®, vermicompost and natural soil sorbents.
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Fig. 4. Adsorption isotherms of phenanthrene and pyrene on several sorbents. The solid lines are the Polanyi-Manes (PMM) model fitting

results.

Table 3. PMM parameters for sorption of phenanthrene and pyrene in sorbents

Sorbent Solute G Gmasoc a R? SSE
Natural soil PHE 0.1764 = 0.006 7.84 £ 0.28 2.06 x 10° + 1.80 x 10 0.9789 0.0010
PYR 0.0808 + 0.004 3.59 £ 0.18 144 x 10° + 1.62 x 10 0.9641 0.0003
BionSoil® PHE 1.1274 £+ 0.107 10.14 + 0.97 1.61 x 10° + 2.52 x 10° 0.9460 0.0708
PYR 0.2516 = 0.015 226 + 0.14 939 x 10° + 1.03 x 10° 0.9628 0.0025
Pahokee peat PHE 1.7126 + 0.133 3.75 + 0.29 8.10 x 10° + 8.99 x 107 0.9585 0.0977
PYR 0.4908 = 0.072 1.07 £ 0.16 7.07 x 10° + 1.09 x 10° 0.9353 0.0072
Vermicompost PHE 0.9829 + 0.082 7.17 £ 0.60 1.67 x 10° + 2.52 x 10 0.9408 0.0629
PYR 0.2853 + 0.021 2.08 =+ 0.16 892 x 10° + 1.13 x 10° 0.9471 0.0036
Ohio Shale PHE 2.6762 + 0.130 27.65 £ 1.35 6.43 x 10° + 7.40 x 107 0.9672 0.2487
PYR 0.2444 + 0.009 2.52 + 0.10 6.33 x 10° + 4.89 x 107 0.9843 0.0013
50% HDTMA-M PHE 9.0632 + 1.865 1639 + 33.74 1.58 x 10° + 2.54 x 10° 0.9284 1.2986
PYR 0.6624 = 0.084 11.98 + 1.52 1.12 x 10° + 1.29 x 10 0.9649 0.0055

UnitS: qmax = (mg/g) and qmax.ac = (mg/g OC)

natural soil 0.08. The best fitting results of PMM were also
observed by other researchers (Bui and Choi, 2010; Pan et
al., 2008), who tested the sorption of organic contaminants
with different properties by carbon materials. High values
of R* for PMM suggest that in this case PMM seems not
only applicable for pore filling but also applicable for
surface adsorption (Yang et al., 20006).

3.2. Binary Sorption

Binary competitive sorption of PHE/PYR was conducted
for natural soil only (Fig. 5). As expected, when two sol-
utes are competing for sorption in the binary system, the
sorption amount of each solute was reduced compared to

that in a single-solute system. In order to determine the

J. Soil Groundwater Environ. Vol. 27(6), p. 11~21, 2022

effect of binary competition on the degree of reduction
quantitatively, the distribution coefficient (Kj) of the linear
model in the binary system was analyzed. The partition
coefficient, K, of each solute in single and binary systems
and the percentage increase or decrease in K, in the binary
system are shown in Table S3. As the sorption affinity in
the single-solute system is stronger (i.e., PYR > PHE), the
reduction in K, for the solute in the binary system becomes
smaller (i.e., 16.6% < 25.2%). Competition between the
solutes drives the weakly sorbed solute (PHE) to be desorbed
from the sorbed phase, thereby allowing the stronger solute
(PYR) to occupy larger sorption sites in natural soil (White
et al., 1999).

The binary sorption isotherm of each solute was reduced
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Fig. 5. Competitive sorption of phenanthrene and pyrene in natural soil. (a) Phenanthrene and (b) pyrene in PHE/PYR system,

respectively. (Sorbent weight = 0.05 g).

compared to the single-solute sorption isotherm. The more
hydrophobic PYR had a higher sorption affinity (as indi-
cated by Ky) than the less hydrophobic PHE (Table S4).
Generally, in binary sorption, the more hydrophobic HOC
with a higher sorption affinity tends to be more desorption-
resistant than less hydrophobic one (Table S4). For example,
White et al. (1999) reported that more hydrophobic pyrene
drives desorption of less hydrophobic phenanthrene in the
competitive sorption. In this study, however, no difference
between the two PAHs was observed.

IAST predictions for the binary competitive sorption
were shown together in Fig. 5, for comparison. The binary
predictive IAST used the single-solute sorption model, the
parameters of which were previously determined from sin-
gle-solute sorption (Table 2). In order to implement the
IAST predictions, following functional relationships provided:

Coa =/ (Ch ) =g (g ) and g5 =/ (qy,) (8)
where superscript 0 denotes initial concentration in the case
of sorption. For the binary sorption protocol, i.e., the fixed
weight of sorbent and the varying initial concentrations

satisfying C?n L= c

2> and the functional relationships

become C?ml = ng,z and q?n,l = ‘127,2 =0 for the fresh
sorbents. Equations 8-9 were used to compare the predic-
tions of experimental data (Billemont et al., 2017) to calcu-
late R? and SSE, as shown in Table S3.

_Xq - SSE

Ya

R’ ©)

where

SSE =73 (q,- ) (10)

In the equation (8), ¢; denotes the IAST-predicted uptake
of a solute.

The predictions from the IAST are shown together with
binary competitive sorption data for visual comparison (Fig.
5). To compare the performance of the IAST predictions
with the binary sorption data, the R? and SSE values were
computed and listed in Table S3 for the IAST predictions
coupled to the single-solute Freundlich model. The R’
values indicates that the IAST-Freundlich model (Table 2)
were successful. However, the IAST predictions for the
binary competitive sorption were nearly same as linear
sorption isotherms. This illustrates that IAST was not
successful in the prediction of hydrophobic organic com-
pounds with low solubility, especially when the isotherms

are almost linear (Qiao and Hu, 2000).

4. Conclusions

Sorption behaviors of PHE and PYR in natural and
synthetic sorbents were investigated using single and binary
systems. To characterize the sorption behaviors of PHE and
PYR, four different models were used, i.e., linear, Freundlich,
solubility-normalized Freundlich, and Polanyi-Manes. The
linear model parameter (log K,.) was well correlated with
log C/N, whereas the Freundlich model parameters (log

Kpo and Ng) and the PMM parameter (l10og ¢uaxoc) Were

J. Soil Groundwater Environ. Vol. 27(6), p. 11~21, 2022
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negatively correlated with log C/N. Competition between
the solutes in binary sorption caused a reduction in the
sorbent amount of each solute compared with that in the
single-solute system. The IAST predictions for binary
competitive sorption were nearly the same as for single-
solute sorption. This illustrates that IAST was not successful in
the prediction of hydrophobic organic compounds with low
solubility, especially when the single-solute sorption

isotherms are nearly linear.
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