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Abstract: The feasibility of the lumped approach for reactive transport of 12 organic compounds
in mixtures through simulated aquifer sands with different organic carbon content (foc) within soil
columns was evaluated. From direct measurements of effluent samples and temporal and spatial
pore-water concentration profiles within soil columns, 12 organic compounds in mixtures were
sorbed to different extents due to the different dependence of sorption on foc. Considering the tradeoff

between accuracy and simplicity, four, five, and six pseudocompounds were determined for simulated
aquifer sands with foc of 0.006%, 0.051%, and 0.221%, respectively, to approximate the reactive
transport of 12 organic compounds in mixtures. Each pseudocompound presented obviously different
reactive transport behavior in terms of both sorption capacity and nonlinearity, indicating that each
pseudocompound contained components with relatively similar sorption capacities and nonlinearity.
Similar to the results from batch equilibrium sorption tests, log Koc can be used as the a priori
grouping criterion, although the relative contributions of different forces to the overall sorption
may differ for different composition of organic mixtures and foc values of aquifer sands. Finally,
the assignment of the Freundlich sorption parameters of pseudocompounds using averages of
Freundlich sorption parameters of their components led to reasonable prediction for reactive transport
of organic compounds in mixtures through the soil columns. Further study is warranted to evaluate
the effective coupling between lumped approach and reactive transport model using complex
multicomponent mixtures within heterogeneous subsurface systems.

Keywords: lumped approach; mixtures; pseudocompounds; reactive transport; simulated aquifer
sands; sorption

1. Introduction

Although most studies have involved individual systems to understand the reactive transport of
each compound and to reconcile models for heterogeneous geosorbents, environmental contamination
usually results in the presence of mixtures of compounds (e.g., gasoline, fuel hydrocarbon/chlorinated
solvents, pesticides, landfill leachates, and pharmaceuticals) in the subsurface [1–7]. Whereas the
reactive transport of individual compounds in the subsurface has been studied extensively in both
saturated and unsaturated porous media [4], much less is known about the reactive transport of
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mixtures [1–3,6,7]. Additionally, models describing the reactive transport of compounds in complex
mixtures routinely ignore mixture effects, such as competitive or synergistic sorption [1–3]. Although the
entire system of differential equations with interaction parameters describing the reactive transport
of compounds in mixtures can be solved simultaneously in space and time, this detailed approach
(i.e., one equation per each compound with interaction parameters) can become gradually more complex
and less computationally efficient as the number of compounds in mixtures increases, restraining the
practical usefulness of this detail approach [1–3].

An alternative to this detailed approach is the so-called “lumped approach”. The lumped approach
has been used by (1) grouping the list of species by removing inessential components and/or lumping
some species [1,3], (2) grouping the list of reactions by removing inessential side reactions and/or
assuming quasi-equilibrium for some reaction steps [8], or (3) decomposing the kinetics into fast and
slow parts and applying the quasi-steady-state-approximation to reduce its dimensionality [9]. Such a
lumped approach has been extensively applied in providing tractable approximations to the kinetics of
complex hydrocarbon mixtures [9,10], in describing multicomponent sorption to simulated aquifer
sands [1,3] and to humic substances [11], and in globalizing chemical lumping of species and reactions
in wastewater treatment [12,13], secondary organic aerosol mixtures [14], toxicology of compound
mixtures [15,16], and reactive transport of compound mixtures in the unsaturated zone [17].

On the basis of the successful applications of this lumped approach to various complex systems,
the use of a lumped approach to describe the sorption of organic compounds in mixtures in terms of
the sorption of a fewer number of pseudocompounds (groups of compounds) with similar sorption
affinities was also validated from batch equilibrium sorption tests in previous study [1,3]. The lumped
approach for sorption to simulated aquifer sands was guided by cluster analysis from statistics,
and both feasibility and accuracy of the lumped approach using both base case and random mixtures
of organic compounds in terms of different type of mineral surfaces and humic acid (HA)-coated
sands with different organic carbon content (foc) were confirmed by the relatively consistent lumping
schemes for each sorbent and the acceptable estimation of sorption behavior of organic compounds in
mixtures [1,3]. Finally, the assignment of the Freundlich sorption parameters of pseudocompounds
using single-sorbate Freundlich sorption parameters of their components led to relatively reasonable
accuracy of sorption prediction in complex mixtures [1,3].

In this study, the lumped approach was evaluated for use in determining temporal and spatial
effluents and concentration profiles of organic compound mixtures in saturated groundwater aquifer
through columns packed with simulated aquifer sands with different fractions of organic carbon (foc).
Then, the reactive transport of organic compound mixtures was simulated numerically using the
finite-difference groundwater flow model, MODFLOW [18], and the associated multispecies reactive
transport code, RT3D [19] coupling with the lumped approach. Since numerous predefined reactions
and user-defined reactions are available in RT3D [20], RT3D coupled with the lumping scheme is
well suited to simulate complex reactive transport of organic compound mixtures in groundwater.
This coupling between the lumped approach and reactive transport model may provide a potentially
more accessible tool for prediction of reactive transport of complex multicomponent mixtures within
randomly heterogeneous subsurface systems.

Thus, the reactive transport of 12 organic compounds with various physicochemical properties
in mixtures was evaluated using column tests packed with simulated aquifer sands under abiotic
conditions. Both feasibility and accuracy of the lumped approach using organic compound mixtures
in terms of simulated aquifer sands with different foc values were assessed by the relatively similar
reactive transport behavior of organic compounds in mixtures. The specific objectives of this study
were to (1) evaluate the feasibility of the lumped approach for reactive transport of organic compound
mixtures through simulated aquifer sands with different foc values within soil columns, (2) develop
both experimental lumping schemes and grouping criteria for reactive transport of organic compound
mixtures through simulated aquifer sands with different foc values, and (3) validate the effectiveness of
assignment for the Freundlich sorption parameters of pseudocompounds using averages of Freundlich
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sorption parameters of their components. These results from this study provide insight into effective
coupling between the lumped approach and reactive transport model of complex multicomponent
mixtures within heterogeneous subsurface systems.

2. Materials and Methods

2.1. Simulated Aquifer Sands

Since the real aquifer sands in subsurface systems are heterogeneous and complex in terms of the
composition and structure of the inorganic and organic components, the specific sorption mechanisms
and contributions of each component to overall sorption should be distinguished through manipulating
both type and composition of model sorbents. In this study, three different types of simulated aquifer
sands were used in this study, i.e., (1) uncoated sand and (2) HA-coated sands with different foc values
(0.051% and 0.221%). Both the detailed preparation procedures and the characterization of simulated
aquifer sands are described elsewhere [1–3]. The physicochemical properties of both uncoated and
HA-coated sands were summarized in previous studies [1–3].

2.2. Mixtures of Organic Compounds

Mixtures of organic compounds comprised 12 compounds, six of which are considered to be
polar (hydrophilic) with polar functional groups (i.e., oxygen atom) and six of which are considered
to be nonpolar (hydrophobic) without any polar functional groups. The six polar compounds
were acetone (ACE), 2-butanone (2-BUT), 2-hexanone (2-HEX), phenol (PHE), p-cresol (p-CRE),
and 2,4-dimethyl phenol (2,4-DMP). The six nonpolar compounds were benzene (BZ), toluene (TOL),
m-xylene (m-XYL), chlorobenzene (CB), 1,4-dichlorobenzene (1,4-DCB), and 1,2,4-trichlorobenzene
(1,2,4-TCB). Selected physicochemical properties of 12 organic compounds were summarized in a
previous study [1–3].

2.3. Analytical Method

The concentration of each organic compound in mixtures was measured using gas chromatography
(GC) (HP 6890, Hewlett-Packard Co., Inc, Palo Alto, CA, USA) with a mass-selective detector (MSD)
and a flame ionization detector (FID). Both qualitative identifications and quantitative determination
of each organic compound in mixtures were described in a previous study [1–3].

2.4. Column Tests

A total of three column tests were performed, one for each simulated aquifer sand without
replicates, and column tests were performed sequentially using the same column testing apparatus.
As illustrated in Figure 1, the column testing apparatus comprised a heavy-wall glass tube with an inner
diameter of 70 mm and a length of 400 mm, seven sampling ports to collect the pore-water samples,
and an outlet port to collect the effluent samples. The simulated aquifer sands were sieved (−60/+80
mesh sizes) by using the standard dry sieve technique, packed into the glass column, and compressed
with a plunger to minimize side-wall flow. After dry packing, the column was flushed with CO2

gas, and a minimum of five pore volumes of organic-free nanopure water was displaced through the
column prior to the column tests. The column was initially permeated with organic-free nanopure
water, and then the aqueous organic mixtures at an initial concentration, C0, of 10 mg·L−1 each,
was permeated through the column at a constant flow rate of approximately 243.4–252.0 mL·day−1

using the peristaltic pump. After collecting the effluent samples with the elapsed time, the effluent was
allowed to accumulate in a Teflon bag (FlexFoil, SKC Inc., Eighty Four, PA, USA) at the column outlet,
and 3.0 mL pore-water samples in all sampling ports were collected simultaneously for subsequent
analysis of the concentrations of organic compounds in mixtures. Detailed column specifications and
estimated hydrodynamic dispersion coefficients (Dh) using salt as a tracer are summarized in Table 1.
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Figure 1. Illustration of the flow simulation through the column evaluated in this study: pictorial view,
conceptual and model grid, equipotential lines, and total head profiles.

Table 1. Detailed specifications and model parameters for the column tests.

Model Parameters
Test No.

Column 1 Column 2 Column 3

Organic carbon content, foc (%) 0.006 0.051 0.221
Hydraulic conductivity, Kh (m/day) 1.489 1.523 1.471
Volumetric flow rate, Q (mL/day) 246.6 252.0 243.4

Liquid flux, q (m/day) 0.0641 0.0655 0.0632
Seepage velocity, vs (m/day) 0.186 0.200 0.181

Porosity, n 0.34 0.33 0.35
Pore volume, PV (mL) 562.5 532.8 570.2

Bulk (dry) density, ρb (mg/m3) 1.74 1.78 1.72
Residence time, RT (days) 2.28 2.11 2.34

Hydrodynamic dispersion coefficient,
Dh (× 10−3 m2/day), from KCl tracer tests 7.06 7.21 6.59
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2.5. Numerical Modeling

In this study, the reactive transport of each organic compound and pseudocompounds was
simulated numerically using the finite-difference groundwater flow model, MODFLOW [18], and the
associated reactive transport code, RT3D [19]. In column tests, the numerical model assumed saturated
flow through homogeneous and isotropic simulated aquifer sands, and the specific MODFLOW model
considered a rectangular two-dimensional confined flow system with length of 400 mm by width
of 70 mm in the Cartesian x- and y-directions, respectively. The numerical grid was based on nodal
spacings of ∆x = 10 mm, ∆y = 10 mm, and ∆z = 72 mm. Since biological degradation was not
considered due to the addition of the biocide (200 mg·L−1 NaN3) to the permeant liquids, advection,
dispersion, and equilibrium sorption to simulated aquifer sands were considered as the processes
governing the reactive transport of the organic compounds in mixtures. Thus, the governing equation
for one-dimensional transport of the organic compounds in mixtures through simulated aquifer sands
can be written as follows:

∂C(x, t)
∂t

= Dh
∂2C(x, t)
∂x2 − vS

∂C(x, t)
∂x

−
ρb

n
∂S(x, t)
∂t

, (1)

where C and S are the concentration of an organic compound in the aqueous phase (mg·L−1) and the
solid phase (mg·kg−1), respectively, x is the longitudinal distance of transport (mm), t is the elapsed
time (d), Dh is the hydrodynamic dispersion coefficient obtained from the results of the salt tracer
(KCl) (mm2

·day−1), vs is the average linear seepage velocity (mm·day−1), ρb is the bulk (dry) density
(g·mL−1), and n is the total porosity. According to these considerations and Figure 1, the column was
assumed to be initially free of any organic compound (C(x,0) = 0), a constant source concentration using
injection wells was assumed for the upper boundary condition (C(0,t) = C0), and a zero concentration
gradient using constant head was assumed for the lower boundary condition (∂C(L,t)/∂x = 0).

According to the results of a previous study evaluating the equilibrium sorption of the same organic
compounds to the identical simulated aquifer sands [1–3], the sorption of the organic compounds in
mixtures to simulated aquifer sands was assumed to follow the Freundlich sorption isotherm equation
as follows:

S = K f CN, (2)

where Kf ((mg·kg−1)/(mg·L−1)N) is the Freundlich unit sorption capacity, and N (dimensionless) is the
joint measure of the relative magnitude and diversity of energies [1].

Since the root-mean-square error (RMSE) is more appropriate to represent model performance than
the mean absolute error (MAE) when the error distribution is expected to be Gaussian [21], the agreement
between the experimentally measured concentrations according to the effluent/pore-water samples
and the fitted (or predicted) concentrations estimated from MODFLOW-RT3D was evaluated in terms
of the root-mean-square error (RMSE) defined as follows:

RMSE =

√√√√√√ p∑
i=1

(Xi, f it −Xi,mes)
2

p
, (3)

where Xi,mes and Xi,fit are the measured and fitted (or predicted) values for C(x,t), respectively, and p is
the sample size.

This error function attempts to minimize the fractional error distribution across the entire
concentration ranges from the comparison of measured values with the corresponding fitted (or
predicted) values. Once the minimum of the error function was achieved, the values for the Freundlich
sorption parameters (Kf and N) were obtained. The values for the Freundlich sorption parameters
obtained from the column tests were estimated using the overall effluent data, and the resulting



Water 2020, 12, 3103 6 of 18

predicted concentration profiles within a column were compared to the measured concentration profiles
to validate the effectiveness of lumped approach.

2.6. Lumped Approach

To assess the similarity among organic compounds in terms of reactive transport behavior,
standardized sorption parameters for each organic compound in mixtures were plotted on the basis
of two clustering variables (i.e., Kf and N). Then, the similarity of reactive transport among organic
compounds was measured according to the Euclidean distance between each pair of organic compounds,
and the distance between organic compounds was determined. Finally, the most appropriate clustering
algorithm to maximize the differences between clusters relative to the variation within the clusters was
determined. In this study, Ward’s method was performed by specifying METHOD = WARD in PROC
CLUSTER (SAS® 9.1, SAS Institute Inc. Cary, NC, USA). After evaluating all possible clusters, the best
number of clusters and cluster components was determined according to both statistical criteria and
reactive transport behavior. Consistent with this study, cluster analysis was applied to the lumped
approach for grouping the list of species and reactions [1,3,8,11] since cluster analysis provides a
rational way to lump large quantities of empirical data into fewer groups [22].

3. Results and Discussion

3.1. Comparison of Breakthrough Curves and Concentration Profiles of 12 Organic Compounds in Mixture

Comparisons between the measured versus fitted breakthrough curves (i.e., effluent samples) and
predicted concentration profiles (i.e., pore-water samples at t = 1 and 5 days) according to the column
tests are shown in Figures 2–4 for simulated aquifer sands with foc of 0.006%, 0.051%, and 0.221%,
respectively. On the basis of both breakthrough curves and concentration profiles displayed in
Figures 2–4, the organic compounds in mixtures were sorbed to different extents, and sorption to
simulated aquifer sands generally decreased with the increase in polarity of organic compounds.
The relatively slow migration of nonpolar organic compounds suggests that substantial amounts of
molecules were transferred from the water matrix to the humic acid (HA) coated on the surface of
simulated aquifer sands. In contrast, the sorption of the polar organic compounds did not expressively
change with the increase in foc values. These results are consistent with the results from batch
equilibrium sorption tests, indicating that sorption of organic compounds to simulated aquifer sands
mainly results from sorption to HA when foc is greater than the threshold value (i.e., 0.1%), and more
hydrophobic organic compounds were sorbed due to the different dependence of sorption on foc values
of simulated aquifer sands [1–3]. Although the single column test for each simulated aquifer sand was
performed without replicates, reasonably measured breakthrough curves and concentration profiles
from both preliminary tracer tests and column tests were obtained in this study.
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Figure 3. Comparison of the measured data versus fitted breakthrough curves and predicted
concentration profiles of 12 organic compounds in mixture for simulated aquifer sands with foc

of 0.051%: (a,b) are breakthrough curves, whereas (c,d) and (e,f) are concentration profiles at elapsed
times of 1 day and 5 days, respectively.
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Figure 4. Comparison of the measured data versus fitted breakthrough curves and predicted 
concentration profiles of 12 organic compounds in mixture for simulated aquifer sands with foc of 
0.221%: (a,b) are breakthrough curves, whereas (c,d) and (e,f) are concentration profiles at elapsed 
time of 1 day and 5 days, respectively. 
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of 0.221%: (a,b) are breakthrough curves, whereas (c,d) and (e,f) are concentration profiles at elapsed
time of 1 day and 5 days, respectively.

The Freundlich sorption parameters estimated from the model fitting to the effluent samples are
also summarized in Tables 2–4 for simulated aquifer sands with foc of 0.006%, 0.051%, and 0.221%,
respectively. Since all resulting RMSE values of organic compounds in mixtures in Tables 2–4 are less
than half of the standard deviation of measured data (i.e., ≤0.797), the model fitting to measured effluent
concentrations can be deemed to be appropriate [23]. However, the differences between the predicted
and measured concentration of the effluents were soberly greater for 2-HEX, 2-BUT, and ACE according
to the greater RMSE values. These differences can be attributed mainly to the relatively low amounts
of sorption to simulated aquifer sands and low extraction efficiencies of polar organic compounds
from the water matrix to methyl tert-butyl ether extractant. Considering that the resulting RMSE
values for 2-HEX, 2-BUT, and ACE were still less than half of the standard deviation of measured data,
both analytical methods and model fitting to the effluent concentrations of polar organic compounds
were still appropriate. Although the model fitting to measured effluent concentrations can be deemed
appropriate, the differences between the predicted and measured pore-water concentration profiles
(especially at t = 5 days) inside the soil columns were greater for polar organic compounds, and these
results are consistent with greater RMSE values between the predicted and measured concentration of
the effluents for polar organic compounds.

Although the estimated Freundlich sorption parameters are supposed to be basically constant
with space and time, the spatially variable reaction capacity and accessibility caused by combined
hydraulic and chemical heterogeneities inside soil columns could occur for reactive transport of polar
organic compounds. However, according to the concentration profiles, the organic compounds in
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mixtures were also proven to sorb to different extents, and the relatively fast migration of polar organic
compounds was observed. Consequently, the organic compounds in mixtures were sorbed to different
extents due to the different dependence of sorption on foc, and these results were confirmed from direct
measurements of effluent samples and temporal and spatial pore-water concentration profiles through
simulated aquifer sands in soil columns.

Table 2. Comparison of Freundlich sorption parameters between organic compounds in mixture and
pseudocompounds for uncoated sands (foc = 0.006%) (initial concentrations for each = 10 mg/L).

Pseudocompound Components
Mixture Pseudocompound Comparison of

Parameters

Kf_mix Nmix RMSE Kf,PS NPS RMSE Kf,mix/Kf,PS Nmix/NPS

A

1,2,4-TCB 0.263 0.989 0.411

0.255 0.992 0.697 1.02 0.9961,4-DCB 0.258 0.987 0.506

Average 0.261 0.988 0.459

B

CB 0.232 0.951 0.546

0.249 0.938 1.48 0.963 1.01

m-XYL 0.245 0.940 0.521

TOL 0.242 0.958 0.639

BZ 0.241 0.939 0.399

Average 0.240 0.947 0.526

C

2,4-DMP 0.121 0.808 0.623

0.111 0.779 2.34 0.937 1.02

p-CRE 0.109 0.792 0.686

PHE 0.095 0.762 0.502

2-HEX 0.090 0.796 0.784

Average 0.104 0.789 0.649

D

2-BUT 0.081 0.681 0.743

0.079 0.662 0.760 1.10 1.01ACE 0.092 0.650 0.718

Average 0.087 0.665 0.731

Table 3. Comparison of Freundlich sorption parameters between organic compounds in mixture
and pseudocompounds for humic acid (HA)-coated sands (foc = 0.051%) (initial concentrations for
each = 10 mg/L).

Pseudocompound Components
Mixture Pseudocompound Comparison of

Parameters

Kf_mix Nmix RMSE Kf,PS NPS RMSE Kf,mix/Kf,PS Nmix/NPS

A 1,2,4-TCB 0.933 0.985 0.561 0.933 0.985 0.561 1.00 1.00

B 1,4-DCB 0.438 0.991 0.521 0.438 0.991 0.521 1.00 1.00

C

CB 0.277 0.969 0.583

0.278 0.952 2.39 1.02 1.01

m-XYL 0.281 0.950 0.451

TOL 0.301 0.961 0.553

BZ 0.272 0.955 0.619

Average 0.283 0.959 0.552

C

2,4-DMP 0.185 0.811 0.679

0.112 0.781 2.68 1.14 1.02

p-CRE 0.124 0.802 0.669

PHE 0.115 0.779 0.503

2-HEX 0.088 0.783 0.663

Average 0.128 0.794 0.629
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Table 3. Cont.

Pseudocompound Components
Mixture Pseudocompound Comparison of

Parameters

Kf_mix Nmix RMSE Kf,PS NPS RMSE Kf,mix/Kf,PS Nmix/NPS

D
2-BUT 0.089 0.649 0.703

0.091 0.648 1.17 0.89 1.02ACE 0.073 0.668 0.758

Average 0.081 0.659 0.731

Table 4. Comparison of Freundlich sorption parameters between organic compounds in mixture and
pseudocompounds for HA-coated sands (foc = 0.221%) (initial concentration for each = 10 mg/L).

Pseudocompound Components
Mixture Pseudocompound Comparison of

Parameters

Kf_mix Nmix RMSE Kf, PS NPS RMSE Kf,mix/Kf,PS Nmix/NPS

A 1,2,4-TCB 3.57 0.959 0.021 3.57 0.959 0.021 1.00 1.00

B 1,4-DCB 1.75 0.983 0.151 1.75 0.983 0.151 1.00 1.00

C

CB 0.799 0.954 0.416

0.827 0.969 0.723 1.01 0.992m-XYL 0.874 0.971 0.552

Average 0.836 0.962 0.484

D

TOL 0.458 0.975 0.563

0.428 0.971 0.424 0.978 1.01BZ 0.379 0.972 0.452

Average 0.419 0.974 0.508

E

2,4-DMP 0.552 0.814 0.678

0.380 0.811 1.89 1.03 0.995

p-CRE 0.496 0.803 0.626

PHE 0.265 0.816 0.502

2-HEX 0.259 0.797 0.476

Average 0.393 0.807 0.571

F

2-BUT 0.211 0.721 0.669

0.210 0.705 0.994 0.976 1.01ACE 0.199 0.699 0.785

Average 0.205 0.710 0.727

3.2. Comparison of Freundlich Sorption Parameters

As summarized in Tables 2–4 for simulated aquifer sands with foc of 0.006%, 0.051%, and 0.221%,
respectively, the Freundlich sorption parameters (i.e., Kf and N) according to the effluent samples
resulted in relatively various RMSE values. Consistent with previous results from batch equilibrium
sorption tests with identical simulated aquifer sands [1–3], the sorption of nonpolar organic compounds
to simulated aquifer sands is relatively linear (0.939 ≤ N ≤ 0.989), whereas the sorption of polar organic
compounds to simulated aquifer sands is relatively nonlinear (0.650 ≤ N ≤ 0.808). Whereas the linear
sorption of nonpolar compounds is attributed to the dominance of the amorphous fraction of HA
or to the suppressed adsorption onto hydrophilic mineral surfaces by strongly chemisorbed water
molecules, the nonlinear sorption of polar organic compounds is attributed to the specific interactions
between the energetic sites of HA and polar organic compounds. Moreover, the nonlinearity is a
complex function of the polarity of polar organic compounds and the nature of the hydrophilic specific
interactions [1–3]. Furthermore, sorption of polar organic compounds became progressively nonlinear
with increasing polarity of polar organic compounds, indicating that the sorption nonlinearity of polar
organic compounds is a complex function of both the polarity and the H-bonding of polar organic
compounds with HA and mineral surfaces.

Sorption capacity (Kf) for nonpolar organic compounds noticeably increased with increasing
foc, indicating that mineral-bound HA significantly contributes to the sorption of nonpolar organic
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compounds. However, Kf values for polar organic compounds did not increase meaningfully with
increasing foc, and such a nonlinear and low amount of sorption for polar organic compounds to
simulated aquifer sands can be attributed to the site-specific hydrophilic specific interactions, such as
H-bonding with the functional groups of HA and surface hydroxyls of mineral surfaces [1–3]. However,
sorption capacity (Kf) for polar organic compounds still increased with increasing foc, indicating that
mineral-bound HA also contributes to the sorption of polar organic compounds. Thus, the collective
reactions between polar organic compounds and simulated aquifer sands cannot be ignored if the
competitive adsorption of polar organic compounds to domains of HA is significant.

3.3. Hierarchical Cluster Analysis

Two-dimensional configuration and cluster analysis of the Freundlich sorption parameters (Kf and
N) of 12 organic compounds in mixtures sorbed to simulated aquifer sands with foc of 0.006%, 0.051%,
and 0.221% are displayed in Figure 5. From the cluster analysis using consensus between the two
statistics (i.e., local peaks of the pseudo F combined with a small value of pseudo t2), 12 organic
compounds in mixtures can be lumped into four, five, and six pseudocompounds, as proven in
Figure 5a–c for simulated aquifer sands with foc of 0.006%, 0.051%, and 0.221%, respectively.
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organic compounds in mixture for simulated aquifer sands with different foc values: (a) untreated sand
(foc = 0.006%), (b) HA-coated sand (foc = 0.051%), and (c) HA-coated sand (foc = 0.221%).

Consistent with the cluster analysis results from batch equilibrium sorption tests [1,3], a strong
consensus between two statistics as to an suitable number of clusters indicated that four, five, or six
pseudocompounds were suitable for reactive transport of 12 organic compounds in mixtures to
simulated aquifer sands with foc of 0.006%, 0.051%, and 0.221%, respectively. Although higher numbers
of pseudocompounds can describe the reactive transport behavior of 12 organic compounds in mixtures
more accurately, fewer number of pseudocompounds was desired for simplicity. Considering the
tradeoff between accuracy and simplicity, four, five, and six pseudocompounds were determined
for simulated aquifer sands with foc of 0.006%, 0.051%, and 0.221%, respectively, to approximate the
reactive transport behavior of 12 organic compounds in mixtures.

As the foc of simulated aquifer sands increased, the organic compounds with higher Koc

(i.e., 1,2,4-TCB and 1,4-DCB) were split from nonpolar pseudocompounds due to the greater dependence
of sorption on foc, whereas the organic compounds with lower Koc were not split significantly due to
the lower dependence of sorption on foc. Moreover, each pseudocompound showed clearly different
reactive transport behavior in terms of both sorption capacity and nonlinearity, indicating that each
pseudocompound contained components with relatively similar sorption capacities and nonlinearity.
None of polar organic compounds in mixtures were assigned with nonpolar organic compounds in
the same pseudocompound, and polar organic compounds in mixtures were assigned in the same
pseudocompound in terms of mixture compositions and foc of simulated aquifer sands. These results
from column tests are similar to the previous study [1,3] reported from batch equilibrium sorption
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tests, and an identical number of pseudocompounds could approximate the reactive transport of 12
organic compounds in mixtures in column tests, signifying that the consistent lumping schemes for the
reactive transport of organic compounds in mixtures to simulated aquifer sands is obtained regardless
of flow conditions.

3.4. Development of A Priori Grouping Criteria from Column Tests

Although the reactive transport of organic compounds in mixtures to simulated aquifer sands
can be promoted by the several mechanisms at different flow conditions, including both absorption
(partitioning) and adsorption to HA domains and adsorption onto hydrophilic mineral surfaces,
partitioning of organic compounds in mixtures to HA domains is an increasingly dominating
contribution to overall sorption [1–3]. Additionally, linear partitioning of organic compounds to HA
domains, whereby the distribution coefficient (Kd) is equal to the product of the fraction of organic
carbon (foc) and the organic carbon partitioning coefficient (Koc) (i.e., Kd = foc Koc), has been shown to be
a major component of sorption for sorbents with foc > 0.1% [1–3].

Accordingly, components for pseudocompounds in terms of simulated aquifer sands with different
foc values are plotted versus log Koc for the organic compounds in mixtures in Figure 6. As shown in
Figure 6, the reactive transport behavior of 12 organic compounds in mixtures to simulated aquifer
sands with different foc can be lumped on the basis of log Koc. As the foc of simulated aquifer sands
increased, the organic compounds with higher Koc (i.e., 1,2,4-TCB and 1,4-DCB) were split from
nonpolar pseudocompounds due to the greater dependence of sorption on foc. In contrast, the organic
compounds with lower Koc were not split noticeably due to the lower dependence of sorption on
foc. Similar to the results from sorption to simulated aquifer sands in batch equilibrium sorption
tests [1], log Koc can be used as the possible a priori grouping criterion for reactive transport of organic
compounds in mixtures to simulated aquifer sands with different foc although the relative contributions
of different forces (i.e., absorption vs. adsorption to HA domains, and adsorption onto hydrophilic
mineral surfaces) to the overall sorption may differ for different mixture compositions and foc values
during reactive transport through the soil column.
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3.5. Evaluation of Effectiveness of Pseudocompounds to Simulated Aquifer Sands

After the lumping schemes were guided by cluster analysis, the aqueous- and solid-phase
concentrations of each pseudocompound were calculated by summation of the aqueous- and solid-phase
concentrations of components, respectively, at each elapsed time. Then, the agreement between the
experimentally measured concentrations from the effluent samples and the predicted concentrations
estimated from MODFLOW-RT3D was evaluated, as illustrated in Figures 7–9 for simulated aquifer
sands with foc of 0.006%, 0.051%, and 0.221%, respectively. As also summarized in Tables 2–4
for simulated aquifer sands with foc of 0.006%, 0.051%, and 0.221%, respectively, the predicted
concentrations of pseudocompounds consisting of nonpolar organic compounds generally described
the reactive transport behaviors of components better than those of pseudocompounds consisting of
polar organic compounds.Water 2020, 12, x 13 of 18 
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Figure 9. Comparison of the predicted breakthrough curve and concentration profiles versus the
measured data of pseudocompounds in mixture for simulated aquifer sands with foc of 0.221%: (a) is
a breakthrough curve, whereas (b) and (c) are concentration profiles at elapsed times of 1 day and
5 days, respectively.

The calculated concentrations of each pseudocompound were predicted reasonably well by the
Freundlich sorption model over the concentration ranges tested. Furthermore, each pseudocompound
showed substantially different reactive transport behavior in terms of both sorption capacity and
nonlinearity. For example, pseudocompounds consisting of nonpolar organic compounds showed
greater sorption capacity and more linearity (i.e., 0.944 ≤ N ≤ 0.992), whereas pseudocompounds
consisting of polar organic compounds showed lower sorption capacity and more nonlinearity
(i.e., 0.668 ≤ N ≤ 0.811). These results indicate that each pseudocompound contained components with
relatively similar sorption capacities and nonlinearity during reactive transport through soil columns.

Consistent with the results from batch equilibrium sorption tests [1–3], the near-linear sorption
of nonpolar pseudocompounds can be attributed to both absorptive partitioning into HA and the
suppression of adsorption onto mineral surface by vicinal water region, and it is thermodynamically
expected for partitioning into highly amorphous, gel-like HA, as well as for sorption to the energetically
homogeneous vicinal water region on the hydrophilic mineral surfaces. For the HA used in this
study, substantial condensed domains of HA likely do not exist according to the high oxygen/carbon
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ratio (≥0.641) for the HA and the low surface areas (≤2.14 m2/g) of simulated aquifer sands. Thus,
molecules of nonpolar organic compounds mainly partition into loosely knit macromolecules of HA,
relegating the role of adsorption onto HA as insignificant even at low concentration ranges (i.e., ≤10
mg/L). As a result, strong adsorption was not likely, such that linear sorption behavior of nonpolar
pseudocompounds in mixtures to HA-coated sands with low foc was expected.

On the contrary, the nonlinear sorption of pseudocompounds consisting of polar organic
compounds can be attributed to the energetic and site-specific hydrophilic specific interactions,
such as H-bonding with the functional groups of HA and surface hydroxyls of mineral surfaces [1–3].
Thus, sorption of pseudocompounds consisting of polar organic compounds to simulated aquifer sands
became gradually nonlinear with increasing polarity of organic compounds, suggesting that the sorption
nonlinearity of pseudocompounds consisting of polar organic compounds is a complex function of both
the polarity and the H-bonding ability of the polar organic compounds with HA and mineral surfaces.
As expected, the sorption of both nonpolar and polar pseudocompounds to simulated aquifer sands
increased with increasing with foc. Although both temporal and spatial variations between predicted
and measured concentrations of pseudocompounds were not observed to be a function of both foc of
simulated aquifer sands and polarity of pseudocompounds, more hydrophobic pseudocompounds
were sorbed to a great extent than less hydrophobic pseudocompounds due to the different dependence
of sorption on foc.

3.6. Estimation of Sorption Parameters for Pseudocompounds from Average Sorption Parameters
for Components

The comparison of Freundlich sorption parameters was summarized in Tables 2–4 for
simulated aquifer sands with foc of 0.006%, 0.051%, and 0.221%, respectively. Whereas nonlinearity
(i.e., joint measure of the relative magnitude and diversity of energies) for pseudocompounds was
estimated from averages Freundlich sorption parameters of individual components with less than
2.0% error, the Freundlich sorption capacity for pseudocompounds was estimated from average
Freundlich sorption parameters of individual components with less than 10% error. In other words,
the Freundlich sorption capacity of pseudocompounds was not perfectly represented by using averages
of Freundlich sorption capacity of components, whereas the nonlinearity of pseudocompounds was
reasonably represented by using averages of nonlinearity of components. As a result, the assignment
of the Freundlich sorption parameters of pseudocompounds using averages of Freundlich sorption
parameters of components led to reasonable accuracy of prediction for reactive transport of organic
compounds in mixtures through the soil columns. Further study is warranted to evaluate both
feasibility and accuracy of the lumped approach as a potentially more generally accessible and flexible
tool for quantification of extensive multicomponent reaction systems within randomly heterogeneous
subsurface systems.

4. Conclusions

The lumped approach was evaluated for use in determining temporal and spatial effluents and
concentration profiles of organic compounds in the saturated groundwater aquifer through columns
packed with simulated aquifer sands with different fractions of organic carbon (foc). Then, the reactive
transport of aqueous miscible organic compounds was simulated numerically using the finite-difference
groundwater flow model, MODFLOW, and the associated reactive transport code, RT3D coupling with
the lumped approach. According to both breakthrough curves and concentration profiles, the organic
compounds in mixtures were sorbed to different extents, and sorption to simulated aquifer sands
generally decreased with the increase in polarity of organic compounds. Considering the tradeoff

between accuracy and simplicity, four, five, and six pseudocompounds were determined for simulated
aquifer sands with foc of 0.006%, 0.051%, and 0.221%, respectively, to approximate the reactive transport
of 12 organic compounds in mixtures. Each pseudocompound showed obviously different sorption
behavior in terms of both sorption capacity and nonlinearity, indicating that each pseudocompound
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contained components with relatively similar sorption capacities and nonlinearity. Similar to results
from batch equilibrium sorption tests, an identical number of pseudocompounds can approximate
the reactive transport of organic compounds in mixtures, and log Koc can be used as the possible a
priori grouping criterion for the reactive transport of organic compounds in mixtures to simulated
aquifer sands with different foc through the soil column, although the relative contributions of different
forces (i.e., absorption vs. adsorption to HA domains, and adsorption onto hydrophilic mineral
surfaces) to the overall sorption may differ for different mixture compositions and foc values. Finally,
the Freundlich sorption capacity of pseudocompounds was not perfectly represented by using averages
of Freundlich sorption capacity of components, whereas the nonlinearity of pseudocompounds was
reasonably represented by using averages of nonlinearity of components. As a result, the assignment
of the Freundlich sorption parameters of pseudocompounds using averages of Freundlich sorption
parameters of components led to reasonable prediction for reactive transport of organic compounds
in mixtures through the soil columns. Further study is warranted to evaluate the feasible coupling
between lumped approach and reactive transport model for quantification of extensive multicomponent
reaction systems within randomly heterogeneous subsurface systems.
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