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ABSTRACT

The removal of 1,4-dioxane from groundwater was evaluated using a pilot-scale, split-feed,
center-port nanofiltration (NF) process. Natural groundwater was spiked with varying concentra-
tions of 1,4-dioxane from nanogram per liter to microgram per liter level and treated using an NF
pilot process operating at a flow of 267 gpm (60,642 L/h) and 85% water recovery. The average
1,4-dioxane removal efficiency for the pilot system was 11%. Removal did not vary by solute con-
centration when other operating parameters (flux, temperature) were held constant. Experimentally
and empirically derived 1,4-dioxane solute mass transfer coefficients were compared and inserted
into diffusion-based mass transfer models such as the homogeneous solution-diffusion model
(HSDM) with and without film theory (FT). The experimental and empirical solute mass transfer
coefficient yielded values of 3.92 ft/d (1.38 x 10~ m/s) and 1.60 ft/d (5.64 x 10 m/s), respectively.
Conservative Wilke—Chang coefficients or the use of non-exact membrane dimensions may explain
the difference between the experimental and empirical mass transfer coefficients. Models were
ascertained for validity by comparing modeled and actual 1,4-dioxane permeate concentration via
statistical analysis consisting of relative percent difference (RPD), root mean square error (RMSE),
and t-tests. The HSDM was the most proficient at predicting 1,4-dioxane permeate concentration
with an RPD of less than +8% and RSME value of 0.54.

Keywords: 1,4-dioxane; Nanofiltration; Mass transfer coefficient; Homogeneous solution-diffusion

model; Sherwood number; Pilot-scale

1. Introduction

The introduction of chemicals of emerging concern
(CECs) into the environment is of increased cognizance due
to suspected adverse ecological or human health effects from
chronic exposure at the nanogram per liter (ng/L) or micro-
gram per liter (ug/L) level [1]. One of the principal portals
which CECs enter the environment is through wastewater
effluent discharge, however other pathways may include
poorly maintained sewers, septic tanks, landfills, and other
disposal sites [2,3]. Most conventional wastewater treatment
plants are not intended to remove CECs, however, some are
degraded or removed in the biological treatment stage [4].

* Corresponding author.

CECs have most likely been released to the environment
since their introduction, but the detection of lower levels
through technological advancements and newfound pub-
lic awareness has sparked interest and subsequent concern
[5-7]. In the United States (US), the Safe Drinking Water Act
requires the Environmental Protection Agency (USEPA)
to quinquennially publish a list of CECs that may poten-
tially pose risk in drinking water, known as the Candidate
Contaminant List (CCL). The CCL serves as the basis for
formal monitoring programs through the Unregulated
Contaminant Monitoring Rule (UCMR) which provides
support regarding the regulatory process of constituents
in drinking water [8].
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1,4-Dioxane is a heterocyclic organic CEC that has been
listed on the USEPA’s CCL4 and UCMR3. 1,4-Dioxane is
used as an industrial solvent in adhesives, textiles, cosmet-
ics, and dyes, and exists as a by-product of soap, polyester,
and plastics manufacturing [9,10]. Detection of 1,4-dioxane
in groundwater ranges from undetected to 1,000 pg/L, and
up to 100,000 pg/L at some contaminated groundwater sites
[10,11]. The USEPA and International Agency for Research
on Cancer has classified 1,4-dioxane as a Class B2 (proba-
ble) human carcinogen due to the increased prevalence of
carcinomas in rats and guinea pigs when exposed chron-
ically to the organic compound [12,13]. Although currently
unregulated, the USEPA has issued a health advisory level
of 0.35 pg/L in potable water, and states within the US
have set even more stringent notification levels and guide-
lines [14-17]. Research from the USEPA’s UCMR3 suggests
that 1,4-dioxane has been frequently detected in US pub-
lic water supplies (PWSs), prompting the need to consider
alternative treatment in response to future regulation [8].
Chemical properties of 1,4-dioxane are listed in Table 1,
which highlights the mobility and persistence of 1,4-dioxane
in water. A low Henry’s law constant (4.8 x 10 atm-m?/mol)
suggests that 1,4-dioxane tends to persist in aqueous envi-
ronments. A low logK_  (-0.27) and logK _ (0.54) suggests
that 1,4-dioxane is hydrophilic and does not have significant
adsorptive capabilities to soil [15,18]. Hence, 1,4-dioxane
is often difficult to treat from water and wastewater [13].
Conventional water treatment processes are generally
ineffective at removing 1,4-dioxane [13,23-26]. However,
adsorption via granular activated carbon (GAC) has
shown to be moderately effective in 1,4-dioxane removal
[27,28]. Regardless, GAC achieves only partial 1,4-diox-
ane removal, therefore other alternative treatments should
be examined [13,24]. Synthetic adsorptive media, such as
Ambersorb™560 manufactured by DuPont de Nemours,
Inc. (Midland, MI) has displayed high removal efficiencies
of 1,4-dioxane [29]. However, adsorptive media does not
degrade 1,4-dioxane, which heightens concern regarding
ultimate disposal. Biodegradation and advanced oxidative
processes have also been investigated to remove 1,4-diox-
ane from aqueous sources, yielding moderate success
[10,25,30-34]. Technologies are commercially available to
degrade 1,4-dioxane, but high operational, electrical, and
equipment replacement costs are of concern regarding
applicability [13]. Other techniques such as distillation have
been proven to be effective, yet energy intensive and there-
fore economically impracticable in most applications [23].
Prior research has examined the efficacy of membrane
processes such as nanofiltration (NF) and reverse osmosis
(RO) to remove CECs [3,35-38]. Existing research regard-
ing removal of 1,4-dioxane from NF and RO is in its infant
stages. Kosutic¢ et al. [39] used 1,4-dioxane as a reference sol-
ute for pore size distribution of a HR95PP RO membrane,
TFC-88821ULP RO membrane, and TS80 NF membrane, and
found average rejections of 92%, 88%, and 81%, respectively.
In a similar study conducted by Kosutic¢ et al. [40], rejection
of 1,4-dioxane for a NF270 membrane was on average 36%.
Yangali-Quintanilla et al. [3] reported 1,4-dioxane rejection of
45% for a NF-90 membrane. However, rejection of CECs are
dependent on solvent properties (pH, organic composition,
ionic strength), solute properties (molecular weight, charge,

Table 1
Chemical properties of 1,4-dioxane

Property Value

O
Structure E j

@)
CASno. 123-91-1
Molecular weight (g/mol) 88.1
Density (g/mL) 1.033
Water solubility at 25°C (g/L) Miscible
Boiling point (°C at 760 mmHg) 101.1
Melting point (°C) 11.8
Vapor pressure (mmHg at 25°C) 38.1
Octanol-water partition coefficient (logK_ ) -0.27
Soil organic carbon-water partitioning 0.54

coefficient (logK_ )

Henry’s law constant at 25°C (atm-m?/mol) 48 x10°

Molecular weight and water solubility obtained from [19]; density
obtained from [20], boiling point, melting point vapor pressure
obtained from [21], logK_, logK , Henry’s law constant obtained
from [22].

ow

geometry, concentration) membrane properties (pore size,
material, hydrophobicity), and process operational proper-
ties (recovery, configuration, pressure) [41-46].

Research regarding 1,4-dioxane removal has been con-
ducted using bench-scale sized experiments and synthetic
water matrices [3,23,25-28,34,40]. The objective of this work
was to: determine the rejection of 1,4-dioxane in a pilot-scale
NF process fed a natural groundwater matrix; model the
mass transfer of 1,4-dioxane using variations of the homo-
geneous solution-diffusion model (HSDM); and compare
the models regarding accuracy in predicting rejection of
1,4-dioxane. This work can provide valuable insight to water
purveyors concerned with increasing levels of CECs such as
1,4-dioxane in their water supplies and present a model that
can accurately predict its rejection in a full-scale application.

2. Mass transfer modeling

Membrane models are essential to accurately describe
process behavior to minimize risk in the design of a new
process or better understand how an existing process oper-
ates [47,48]. Frequently used models to predict NF and RO
membrane performance consists of the Nernst-Planck equa-
tion, Kedem, and Katchalsky irreversible thermodynamic
equations, Spiegler and Kedem transport equations, solu-
tion—diffusion equations, non-linear regression, among oth-
ers [38,49-53]. Fundamental differences of each model are
based on the mass transfer of solute, which can be described
by diffusion, convection, electro-migration, or adsorption.
In the solution—diffusion model, solute flux can be described
based on Fick’s law of diffusion, shown as Eq. (1) [54,50].

ac

Ji=- i gy
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where ] = solute flux (Ib/ft*/d); D, = Fick’s law diffusion
coefficient; C = solute concentration (Ib/ft%).
In the Spiegler-Kedem model, solute flux is described

based on diffusion and convection, displayed as Eq. (2) [52].

dcC

J.=-D,, =+ (1-0)],C )

where o = reflection coefficient; ] = water flux (gal/ft*/d).
The extended Nernst-Planck equation serves as the basis
for other membrane models such as the Donnan—steric-pore-
model (DSPM) and is presented as Eq. (3). The extended
Nernst-Planck equation accounts for solute mass transfer
due to diffusion, electro-migration, and convection [55-57].

PV
RT 4,

]S:—D,.fg—ﬂ +K, CV 3)
’ dx ’

where Z, = valence of solute; Rg = gas constant (J/mol/K);
T = temperature (K); F = Faraday constant (C/mol);
W, = Donnan potential difference (V); K, = hindrance factor
for convection; V = solute velocity (ft/s).

Prior research has successfully used the Spiegler—
Kedem equation to model rejection of salt solutions
[68,59] and some uncharged organic compounds [60-62].
Similarly, the DSPM has also been used to model rejec-
tion of salts [56] and charged pharmaceuticals [57], but
has over-predicted CEC rejection due to the lack of a sol-
ute-membrane partitioning consideration [63]. The DSPM
has also been unsuccessful in modeling compound rejec-
tion in multi-ionic solutions [64]. In cases using low
applied pressure, diffusion is the most significant rejection
mechanism [55]. Moreover, 1,4-dioxane is an uncharged
compound, suggesting that electrostatic interactions with
the membrane surface may be negligible. Therefore, the
HSDM was investigated in this work.

The HSDM was derived under the premise that solutes
partition into the membrane from the feed channel, diffuse
through the membrane, and partition again into the per-
meate stream [65]. The HSDM assumes that solvent and
solute mass transfer is due to pressure and concentration
gradients, respectively. Solvent mass transfer or water flux
(J,) is derived from Henry’s law and Fick’s first law of dif-
fusion and is related to the water mass transfer coefficient
(k,), shown as Eq. (4). Water flux describes the amount of
water treated per surface area of the membrane. Solute mass
transfer or solute flux (] ) is derived from Fick’s law of dif-
fusion under the assumption that the driving force is due to
the difference in concentration, shown as Eq. (5). The sol-
ute mass transfer coefficient (k) can either be determined
experimentally by Eq. (5), or by applying empirical analysis
such as the Sherwood number correlation method (Eq. (18)).

_ _9
J, =k, (AP —am) ==& 4)

C
hzk{cm—quggl 5)

C,+C,
Co=| 5 (6)

where k = water mass transfer coefficient (gal/d/ft>-psi);
AP = transmembrane pressure (psi); AT = transmembrane
osmotic pressure (psi); Q, = permeate water flow rate
(gal/d); A = effective membrane area (ft’); |, = solute
flux (Ib/ft>-d); k, = solute mass transfer coefficient (ft/d);
C, = permeate water solute concentration (Ib/ft?); C = feed
water solute concentration (Ib/ft’); C, = concentrate water
solute concentration (Ib/ft’); C = solute concentration at
the membrane surface (Ib/ft%).

Other pertinent equations associated with the HSDM
include mass and flow balance equations around the mem-
brane element.

Q,-0,+Q, @)

Q€ =QC, +QC, ®)
Q

R=|= [x100 ©9)
2)
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where Q. = feedwater flow rate (gal/d); Q = concentrate
water flow rate (gal/d); R = recovery; r = rejection.

The HSDM, shown in Eq. (11) was developed by
manipulating Eqgs. (4)—-(10).

& an

r=1- R
kw(AP—An)[z_z ]+k5
2-R

The HSDM can be further modified by incorporating
film theory (FT), which includes effects from concentra-
tion polarization, and is known as the HSDM-FT, shown

as Eq. (12).
J
k Jw
. exp( K ]

k, (AP - An)(zz_ 21?) +k, exp[{(w]

r=1- (12)

m ]
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where k= solute back-transport mass transfer coefficient
(ft/d).

The HSDM and HSDM-FT assumes a constant solute
mass transfer coefficient but have incurred error due to the
linear approximation of a feed concentration composition.
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Therefore, an integrated HSDM and HSDM-FT were cre-
ated by Mulford et al. [66] by integrating a differential equa-
tion related to instantaneous feed stream concentration into
the HSDM and HSDM-FT, referred to as the IHSDM and
IHSDM-FT, shown in Egs. (14) and (15), respectively.

r=1- k, ln(l— Rl ]
-RJ,, T +k,

r=1

(14)

k R
- T ln(l_ ]le/k ]
_R]We w /Ry ]W + kse w /Ky

The HSDM and HSDM-FT were further modified to
consider fluctuations in flux, pressure, and osmotic pres-
sure through the membrane process, and are known as the
integrated osmotic pressure model (IOPM) and integrated
osmotic pressure model with film theory (IOPM-FT), dis-
played in Egs. (16) and (17) [67]. Results from previous
research indicate that the IOPM improved predictability of
permeate concentrations when compared to the HSDM [68].

(15)

K
! _{M’—kmsxTDsc(l_R }

r=1-—
AP —k o xTDS,

R (16)
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s

_ k, +k,AP _
ro1-L)q AP —kyp x TDS | ) (1- R)l KAk L (17)
R|" | APk, xTDS,

where k. = 0.01psi/(mg/L total dissolved solids (TDS)).

The HSDM model is reliant on solute flux and solute
mass transfer coefficient, which are controlled by diffu-
sion. Prior research has shown that the solute mass transfer
coefficient can be determined experimentally (Eq. (5)) or by
applying dimensional analysis such as the Sherwood number
correlation, shown in Eq. (18) [69]. Other pertinent equations
associated with the Sherwood correlation method are pre-
sented elsewhere [70]. The empirically derived solute mass
transfer coefficient does not require prior operational data,
which can be advantageous in modeling applications. The
proposed empirical notion is supported by many researchers
in finding the mass transfer coefficient, which can then be
used in the HSDM or modifications of the model [38,70].

(18)

where S, = Sherwood number (dimensionless); D, = diffusiv-
ity of solute (ft*/s); d, = hydraulic diameter (ft).
Diffusion-based models like the HSDM and modifica-
tions have been used in numerous membrane applications.
Duranceau et al. [38] studied the removal of six synthetic
organic compounds (SOCs) by NF and modeled solute mass
transport by means of the HSDM. Findings include that
experimental and empirical calculation of the solute mass

transfer coefficient are comparable, however empirical cal-
culations reveal a slightly smaller mass transfer coefficient,
possibly due to inaccurate membrane dimensions or con-
servative Wilke—Chang theoretical diffusivity. Hidalgo et al.
[71] used the HSDM to model atrazine permeate concentra-
tions of four different NF membranes, and aniline permeate
concentrations from RO membranes and found that the
model was accurate for low permeate atrazine concentra-
tions. Jeffery-Black et al. [70] used the HSDM and HSDM-FT
to model mass transport of caffeine through a NF mem-
brane. Correlations of predicted vs. actual caffeine concen-
trations were 0.99, 0.96, and 0.99 for the HSDM, HSDM-FT,
and the Sherwood-based HSDM, respectively. The
HSDM-FT over predicted caffeine concentrations by 27%.

3. Materials and methods
3.1. Nanofiltration pilot unit

A 267 gallon per minute (gpm) (60,642 L/h) NF pilot
located at the Town of Jupiter (Town) water utility in Florida
was utilized in this research. The NF pilot is unique in that it
promotes a split-feed, center port design [72]. Specifications
regarding the NF pilot unit are presented in Table 2. The
NF pilot unit treats a surficial groundwater supply at an
average depth of 150 ft (45.7 m). Water quality of feed
and permeate streams can be found in Table 4.

3.2. Experimental Procedure

Although 1,4-dioxane can be found naturally in the
Town’s source water ranging from non-detectable to 0.13
pg/L, a higher 1,4-dioxane concentration was needed in
the feed water to effectively determine solute mass trans-
fer and rejection. 1,4-Dioxane was purchased from Sigma
Aldrich (St. Louis, MO), and injected into a feed basin con-
taining existing pre-treated feed water. The solution was
then mixed and sequentially pumped into the NF pilot
unit using a 25.6 gallon per hour (gph) (96.9 L/h) positive
displacement pump. Based on previous transient response
work conducted on the NF pilot unit [72], 1,4-dioxane was
pumped into the feed stream for at least 15 min prior to sam-
ple collection from feed, permeate, and concentrate streams.
Samples were analyzed for 1,4-dioxane by EPA Method 522.
The experiment was repeated eight times for a range of feed
1,4-dioxane concentrations from 170 to 38,400 ng/L, shown
in Table 3. Concentrations were selected to mimic concentra-
tions of 1,4-dioxane naturally detected in groundwater.

Water mass transfer coefficients were determined
experimentally, and mass transfer coefficients were deter-
mined experimentally and empirically, then inserted into the
variations of the HSDM, illustrated in Fig. 1. Experimental
and theoretical outputs were compared using relative per-
cent difference (RPD), root mean square error (RMSE),
and paired t-tests.

4. Results

Feed and permeate water quality parameters were
averaged over the experiments and presented in Table 4.
Measurements were taken during each experiment to validate
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Table 2
NF pilot unit parameters

Item

Pilot-scale value

Membrane module
Membrane material

MWCO

NaCl rejection

Zeta potential at neutral pH
Number of membrane elements
Array

Recovery

Surface area per membrane
Feed capacity

Production capacity

Design water flux
Operating feed pressure

8" NF270 (DOW Filmtec)

Polyamide thin-film
composite

300 daltons

40%—-60%

-21.6 (mV)

54

72

85 (%)

400 ft* (37.2 m?)

267 gpm (60,642 L/h)

226 gpm (51,330 L/h)

15.1 gal/sfd (25.6 L/m?h)

57 psi (3.93 bar)

Membrane material, MWCO, NaCl rejection, and zeta potential

obtained from [73].

non-fluctuation in water quality. It is important to note that
the Town'’s source groundwater has over 10 mg/L dissolved
organic carbon (DOC) and 120 mg/L of calcium.

4.1. Determination of solute mass transfer coefficient

The solute mass transfer coefficient of 1,4-dioxane was
determined experimentally and empirically. To calculate
experimentally, the solute mass transfer coefficient was
determined as the slope of the solute flux over the change
in 1,4-dioxane concentration at the membrane surface to the
total permeate stream, shown in Eq. (5). Fig. 2 illustrates
the eight experimental observations plotted and the least-
squares regression method to determine the average solute
mass transfer coefficient value of 3.92 ft/day (1.38 x 10° m/s).
The coefficient of determination (R?) value for the data set
was 0.88, meaning the forced-fit regression line explains the

Table 4
NF pilot feed and permeate water quality

Water quality parameter Feed Total permeate
water water
Table 3 pH 6.71 6.59
1,4-Dioxane experimental summary Temperature (°C) 26.0 26.4
- - Conductivity (uS/cm) 850 540
Experiment no. Feed concentration (ng/L) TDS (mg/L) 590 370
1 180 Color (PtCo) 38 <5
2 760 Dissolved organic carbon (mg/L) 10.8 <0.25
3 890 Alkalinity (mg/L as CaCO,) 309 200
4 6,200 Calcium (mg/L) 121 74.2
5 15,800 Chloride (mg/L) 526 51.6
6 27,000 Magnesium (mg/L) 5.11 1.73
7 37,600 Sodium (mg/L) 229 19.6
8 38,400 Sulfate (mg/L) 68.3 1.91
Step 1: Determine Jw, kw, ko, AP, AT, R experlmllentally
~ Z
Step 2: Determine ks
Experimentally Empirically
Cn — SuD;
ks — ( m p) ks - hi
Is dh
1
~ Z
Step 3: Insert variables into models
HSDM HSDM-FT IHSDM IHSDM-FT IOPM IOPM-FT
[ ]
~ =
Step 4: Compare model predicted rejection to actual rejection via RPD, RMSE, and #-test

Fig. 1. Solute rejection model procedure.
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Fig. 2. 1,4-Dioxane mass transfer coefficient (presented on
log-log scale).

variability for 88% of the data. The 1,4-dioxane back-trans-
port mass transfer coefficient was also experimentally
determined using Eq. (13) yielding a value of 1.79 ft/d
(6.31 x 10 m/s) also using the least-squares regression
method. The solute mass transfer coefficient of 1,4-dioxane
was also calculated empirically using Sherwood relation-
ships in accordance with Eq. (18) yielding a value of 1.60 ft/d
(5.64 x 10° m/s). However, the empirically derived solute
mass transfer coefficient (1.60 ft/d) is slightly smaller than
the experimentally derived solute mass transfer coefficient
(3.92 ft/d), which could be due to conservative Wilke—Chang
coefficients, or non-exact dimensions of the membrane
feed channel. Existing literature has realized similar
results [38,70].

4.2. Determination of experimental variables

In addition to the solute mass transfer coefficient, sys-
tem recovery, water flux, water mass transfer coefficient,
and net driving pressure were needed to predict the rejec-
tion of 1,4-dioxane through the HSDM or its modifications.
Table 5 presents a summary of the experimental values
obtained from the NF pilot unit experiments.

4.3. 1,4-Dioxane rejection prediction

Average actual rejection of 1,4-dioxane was 11.7%, which
is over 24% lower than the findings of Kosuti¢ et al. [40].
This difference could be due to several factors, such as the
difference in membrane configuration (pilot-scale vs. flat-
sheet), operational parameters (i.e., flux rate, pressure, tem-
perature) or water matrix effects. When compared to Milli-Q
water, natural water matrices have been known to decrease
the rejection of CECs, specifically the presence of cations [43]
or natural organic matter [74]. However, determining rejec-
tion in a pilot-scale process fed a natural water matrix may
more accurately predict actual process behavior in full-scale
systems.

1,4-Dioxane rejection was predicted through the HSDM
and modifications (Egs. (11), (12), (14), (15)—(17)). Average
rejection percentages from each model are illustrated in Fig.
3. The average actual rejection of 1,4-dioxane was 11.7%,
whereas the average HSDM predicted rejection of 1,4-dioxane
was 12.5%. From Fig. 3, the HSDM-FT, IOPM, SH-HSDM-FT,

Table 5
Operational parameters taken from NF pilot

Parameter Value

R 85 (%)

I, 15.1 gal/ft*/day (25.6 L/m*h)

kw 0.659 gal/ft?/d-psi (2.32 x 10-°L/m?/h-bar)
AP 33.5 psi (2.31 bar)

AT 10.6 psi (0.730 bar)

k, 1.79 ft/d (6.31 x 10° m/s)

3.92 ft/d (1.38 x 10 m/s)
1.60 ft/d (5.64 x 10 m/s)

k_ (experimental)
k_ (empirical)

45
40 &
35

30

25 s
20
15
10

0 L
@ @ S E S E
%«2» ~2~

Model

Predicted 1,4-dioxane rejection (percent)

= = Actual 1,4-dioxane rejection (percent)

Fig. 3. Average rejections for diffusion-based models.

and SH-IOPM under-predicted 1,4-dioxane rejection, while the
IHSDM, IOPM-FT, SH-HSDM, SH-IHSDM, and SH-IOPM-FT
overpredicted 1,4-dioxane rejection. The IHSDM-FT and SH-
IHDM-FT severely under-predicted 1,4-dioxane permeate
concentration and are thus not shown in the figure.

4.4. 1,4-Dioxane permeate concentration prediction

Using Eq. (10), the HSDM and modifications can be
rearranged to solve for permeate concentration. Fig. 4
shows the actual vs. predicted 1,4-dioxane permeate con-
centration for the HSDM with 1,4-dioxane mass transfer
coefficient calculated experimentally (HSDM) and empir-
ically (SH-HSDM). Results are plotted on a log-log scale
due to the range in 1,4-dioxane concentration. If the mod-
els predicted 1,4-dioxane permeate concentration with
no error, the permeate concentrations would align with
the 45° line. 1,4-Dioxane permeate concentration was pre-
dicted within +8% using the HSDM but was consistently
under-predicted using the SH-HSDM. As earlier mentioned,
conservative Wilke—-Chang coefficients or non-exact mem-
brane dimensions may have contributed to the inaccuracy in
1,4-dioxane permeate prediction for the SH-HSDM.
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Actual and model predicted permeate concentrations
were compared for validity using RPD and RMSE. Fig. 5
presents the RPD range and RMSE value for the eight exper-
iments. The HSDM, HSDM-FT, IOPM, and SH-HSDM-FT
resulted in RPD values less than +10% and RMSE less than
2.0. Whereas, the IHSDM, IOPM-FT, SH-HSDM, SH-IHSDM,
and SH-IOPM-FT incur larger RPD and RSME values, sug-
gesting such modifications of the HSDM should not be con-
sidered to model the rejection of 1,4-dioxane in a NF process.

In addition, a paired t-test with 95% confidence interval
was performed to compare statistical difference between
the actual and model predicted permeate concentrations.
The null hypothesis tested states that the mean of the
predicted permeate concentration is not significantly dif-
ferent than the mean of the actual permeate concentration.
Table 6 displays the results from the paired t-test at a 95%
confidence interval. The null hypothesis was not rejected
for the HSDM, HSDM-FT, IOPM, and SH-HSDM-FT.
Hence, the IHSDM, IHSDM-FT, IOPM-FT, SH-HSDM,
SH-HSDM-FT, and SH-IOPM-FT should not be considered
to accurately predict 1,4-dioxane rejection in an NF process.

Based on the average predicted rejection, RPD, RMSE,
and paired t-test, the models best fit to predict 1,4-dioxane
rejection in an NF process are: HSDM > I0PM > SH-HSDM-F
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Fig. 4. Actual vs. predicted 1,4-dioxane using HSDM and

SH-HSDM (presented on log-log scale).

Table 6
Statistical t-test data

T>HSDM-FT > SH-IOPM. The results indicate the FT param-
eter in the model did not significantly improve 1,4-dioxane
rejection prediction, suggesting negligible effects of concen-
tration polarization on the mass transfer of 1,4-dioxane in an
NF process. This could possibly be due to high water flux rate,
low operational pressure, and low TDS concentration of the
NF feed water, also realized by others [68,70]. The addition
of an instantaneous feed parameter into the HSDM (IHSDM)
decreased the accuracy of 1,4-dioxane rejection. The addi-
tion of an instantaneous flux, pressure, and osmotic pressure
term in the HSDM model (IOPM) yielded similar results to
the HSDM, proposing the addition of such variables had lit-
tle effect in increasing the accuracy of 1,4-dioxane rejection.
Further experimentation is recommended to determine best-
fit predictive models for other CECs in NF processes.

5. Conclusions

In this work, the mass transfer and rejection of 1,4-diox-
ane were predicted using the HSDM and modifications.
A 267 gpm split-feed, center-port pilot unit treating surficial
groundwater was used to obtain operational parameters and
conduct rejection experiments of 1,4-dioxane at concentra-
tions ranging from 180 to 38,400 ng/L. The average actual
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Fig. 5. RPD range and RMSE for models.

Model t-value p-value Statistically significant
difference? (Y/N)

HSDM -0.82 0.437 N
HSDM-FT 2.14 0.070 N
. [HSDM -2.93 0.022 Y
Experimental k, THSDM-FT 277 0.027 Y
IOPM 0.805 0.447 N
IOPM-FT -2.92 0.023 Y
HSDM 291 0.022 Y
HSDM-FT 1.08 0.314 N
. IHSDM —2.84 0.025 Y
Empirical k, THSDM-FT 277 0.027 Y
10PM 2.35 0.051 N
IOPM-FT -2.92 0.022 Y
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rejection of 1,4-dioxane was 11%. Rejection did not vary
by solute concentration when water flux and temperature
were held constant.

Diffusion-based mass transfer models such as the HSDM,
HSDM-FT, IHSDM, IHSDM-FT, IOPM, and IOPM-FT were
assessed in this work. The 1,4-dioxane mass transfer coeffi-
cient was determined experimentally using flux relationships
and empirically using Sherwood correlations and inserted
into the diffusion-based models to compare rejection values.
Model predicted 1,4-dioxane permeate concentration was
ascertained for validity by comparing to actual 1,4-dioxane
permeate concentration by means of statistical measures
such as RPD, RMSE, and t-tests. Based on the statistical data,
the models most proficient in predicting 1,4-dioxane rejec-
tion in an NF process are HSDM > IOPM > SH-HSDM-FT >
HSDM-FT > SH-IOPM.
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