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ABSTRACT

The effectiveness of nanofiltration (NF) to remove a wide range of spiked caffeine (0.052-4,500 ng/L)
from groundwater at the pilot-scale (60,636 L/h) has been demonstrated. Experiments were
conducted using a pilot-scale unit, operating as a two-stage, split-feed, center-exit system that relied
on a well supply withdrawn from an average depth of 45 m that contained an average of 11 mg/L of
dissolved organic carbon. The average caffeine removal efficiency across the pilot system was 68%,
and removal did not vary by solute concentration for constant flux (25.6 L m? h™) and temperature
(25°C) operating conditions. Mass transfer models evaluated in this work include the homogeneous
solution diffusion model (HSDM) with and without film theory (FT), in addition to dimensional
analysis, using the Sherwood number, and were shown to predict NF solute mass transfer. Predicted
vs. actual caffeine content was linearly compared, revealing correlation coefficients on the order of
0.99, 0.96, and 0.99 for the HSDM without FT, HSDM-FT, and the Sherwood number, respectively.
However, the use of the HSDM-FT and the Sherwood number resulted in the over-prediction of
caffeine concentrations in permeate streams by 27% and 104%, respectively.

Keywords: Solution diffusion model; Mass transfer coefficient; Sherwood number; Dimensional

analysis

1. Introduction

Trace organic compounds (TrOCs), including endo-
crine disrupting compounds, pharmaceuticals, personal
care products, and pesticides, are of growing concern due
to their relatively recent detection in the aquatic environ-
ment. TrOCs typically make their way into the environment
via wastewater effluent discharge to rivers and streams, in
addition to wastewater reclamation for irrigation. Conse-
quently, these compounds have been detected in drinking
water sources with concentrations up to the parts per bil-
lion (ppb) level [1-3].

Research has shown that TrOCs can be effectively
removed by certain membrane technologies, including
nanofiltration (NF) and reverse osmosis (RO) processes
[4-8]. The extent of TrOC removal is dependent on many
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factors, including solute properties (size, charge, hydropho-
bicity, geometry, etc.), membrane type (molecular weight
cut off [MWCO], pore size) and operation (flux, recovery),
and feed water quality characteristics (pH, ionic strength,
organic content) [9-15].

Several models have been used to predict NF membrane
performance. Many originate from the extended Nernst-
Planck equation, first proposed by Schlogl [16], including
the Donnan-Steric-pore model (DSPM) originally proposed
by Bowen et al. [17] that was later adapted to include a
dielectric effect (DSPM&DE) [18]. These models incorporate
diffusion, convection, and electrostatic interactions that
occur between charged compounds and membranes. The
extended Nernst-Planck equation was originally used to
describe the transport of electrolytes in RO through ion
exchange membranes, and takes into consideration the
ionic flux, solvent velocity, and hindrance factors to account
for both convection and diffusion [19]. The extended
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Nernst-Planck equation is often modified and improved to
enhance the prediction of rejection by membranes, such as
in the case of film theory (FT) [20,21].

Regardless, the DSPM&DE is based on the extended
Nernst-Planck equation and has proven success in pre-
dicting the rejection of inorganic salts although NF often
over-predicts the rejection of organic compounds due to
interactions with hydrophobic membranes [22]. To apply
the DSPM&DE, three parameters must be known: the aver-
age pore size, effective thickness, and surface charge den-
sity of the membrane. These parameters are predetermined
by model fitting the rejection data for simple probe solutes
by the membrane [21]. Kong et al. [23] evaluated the DSP-
M&DE for the prediction of haloacetic acids and six neutral
pharmaceuticals and found that while this model accurately
predicted the rejection of haloacetic acids, pharmaceutical
rejection was over-predicted.

Another widely used means to predict the performance
of diffusion-controlled membrane water treatment pro-
cesses has been the homogeneous solution diffusion model
(HSDM) [24-27] and has been applied to TrOC modeling
[4, 27-30]. Zhao and Taylor [24] created a diffusion-con-
trolled model that incorporates the effects of water quality
and time to predict solute mass transfer. Similarly, Zhao
et al. [25] predicted permeate water quality using stage
specific solute mass transfer coefficients in RO and NF pro-
cesses. In their work, the HSDM was used with and without
FT [25]. These concepts were supported by Hung et al. [26],
who established a mass transfer model to predict water and
salt transport through a RO process. They found that salt
transport was governed through a solution-diffusion mech-
anism, while water transport was influenced by pressure.

The use of the HSDM has also been applied in the opti-
mization of NF for the treatment of dyes and other syn-
thetic chemicals in textile plant effluent by Shaaban et al.
[31]. Duranceau [4] studied the removal of six synthetic
organic compounds (SOC) from a NF pilot and used the
HSDM to predict SOC removal. Verliefde et al. [27] used
the solution-diffusion model to evaluate the rejection of
neutral organics from NF membranes. Hidalgo et al. [28]
used the solution diffusion model to predict atrazine in the
permeate of four NF membranes, and Hidalgo et al. [29]
used the HSDM to predict aniline removal from RO pro-
cesses. The solution diffusion model can be modified by
FT (HSDM-FT) to account for concentration polarization
effects [25,27].

The purpose of this work was to predict the transport of
an anthropogenic solute, caffeine, through a NF membrane
process using two previously established diffusion-based
models: the HSDM and the HSDM-FT. Diffusion-based
models were selected based on their successful use in the
prediction of NF performance by others [4,20,21,31] and
the simplicity of obtaining desired mass transfer coeffi-
cients. This paper compares actual with predicted perme-
ate stream caffeine concentrations for a two-stage NF pilot
operating in a manner that simulates an adjacent full-scale
plant process. Caffeine mass transfer coefficients were
determined experimentally using linear regression and by
using the Sherwood number correlation method, and these
values were compared. The model was validated using
results reported herein, as well as use of outside indepen-
dent literature sources.

2. Theory

Diffusion-based models have proven to be valid tools
for describing transport in diffusion-controlled mem-
brane processes [4,25,28,29]. One of the more popular
transport models, the HSDM, assumes solutes permeate
through membranes in three steps: (1) solutes partition
into the polymeric membrane on the feed side, (2) solutes
diffuse through the bulk portion of the membrane, and
(3) solutes partition completely though the membrane
and into the permeate stream [32]. Incorporating FT into
the HSDM accounts for possible effects of concentration
polarization [25].

Egs. (1)-(4) are commonly used in mass and flow bal-
ance calculations. Qf, Qp, and Q_are the feed, permeate, and
concentrate flow rates, respectively; Cf, CP, and C_ are the
feed, permeate, and concentrate concentrations, respec-
tively; and R is the water recovery. These parameters are
depicted graphically in a simplified membrane schematic,
illustrated in Fig. 1.

Q=0Q,+Q. 1
chf = Qpcp + QCCC (2)
R= %, 100 3)
Qs
Rejection = L2 4100 @)
Cf

Water flux, F , is the term used to describe the flow of
water per unit of membrane area, and is calculated using
Eq. (5), where A is the membrane area. The osmotic pres-
sure, Am, is the pressure that must be overcome to push
water from the feed to the permeate and concentrate sides
of the membrane. The transmembrane pressure differential,
AP, is the pressure drop across the membrane, determined
by calculating the average pressure between the feed and
concentrate sides of the membrane. Consequently, the net
applied pressure can be calculated as the transmembrane
pressure differential minus the osmotic pressure differential
[33]. K is the water mass transfer coefficient describing the
water flux per unit of pressure and is experimentally deter-
mined using Eq. (5):

F=K,(aP-am) = ©
A
Feed Water Permeate
CrQp Cp@yp
CC QC
L —cec
Concentrate

Fig. 1. Membrane schematic.
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While water flux and water mass transfer coefficients
are highly dependent on pressure, solute flux (F) and sol-
ute mass transfer coefficients (K ) are controlled by diffusion
[25]. The solute flux describes the throughput of a solute
through a membrane process and is calculated using Eq. (6),
where C_is the concentration at the membrane surface and
is calculated using Eq. (7).

The solute mass transfer coefficient is assumed to
be constant for a specific solute, but can vary with water
quality, operating conditions, and membrane properties
[25,34]. The mass transfer coefficient for caffeine, K, can be
determined experimentally by finding the slope between
the solute flux and the change in solute concentration as
demonstrated by Eq. (6), or by applying a Sherwood num-
ber correlation method utilizing Egs. (9)—(13).

Q5

c _Cf+Cc )
"2

The solute back-transport mass transfer coefficient, k,,
is determined using Eq. (8), and takes into account the con-
centration polarization effects describing the build-up of
solutes at the feed side of the membrane surface due to par-
tial rejection of these solutes [35].

=G, = @(p[Fw] 8)
C,-C, k,

The Sherwood number is calculated using Eq. (9), assum-
ing laminar flow conditions, where R is the Reynolds num-
ber, S_is the Schmidt number, d, is the hydraulic diameter
(ft), L is the membrane channel length (ft), i1 is the solution
viscosity (kg/m/s), p is the density of water (kg/m’), D, is
the diffusivity of a species (m?/s), and V is the feed channel
velocity (m/s). D, is the Wilke-Chang correlation, calculated
using Eq. (12), where ¢ is solvent association factor (2.26 for
water), MW is the solute molecular weight (g/mole), T is the
water temperature (K), and V, is the solute molar volume at

normal boiling point (m?/kmol), calculated by adding the
individual solute atomic volumes [4,36-39].

d 0.33
S, = 1.86(1{‘,50 fhj )
R, = Lﬁ/p (10)
S = % (11)

D (117.3x 107)[(@)(MW)]**(T)
! M‘/i(]b

(12)

Once the Sherwood parameters are known, K_ can be
determined using Eq. (13):

_ 5D

Kq
s d,

(13)

Combining and rearranging Eqs. (1)—(7) results in
Eq. (14), which is used to predict permeate concentration
based on the HSDM. Adding the solute back-transport mass
transfer coefficient into Eq. (14) results in the HSDM-FT,
presented as Eq. (15). To use Egs. (14) and (15), water and
solute mass transfer coefficients, assumed to be constant,
must be determined [25,40].

K.C;

C (14)
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3. Materials and methods

C =

p

(15)

K, (AP - An)(

3.1. Site description

This research was conducted using a 267-gallon per min-
ute (gpm) NF pilot unit housing NF270 membranes (DOW
Filmtec), owned and operated by the Town of Jupiter (Town)
Water Utility. Jupiter is located along the southeast coast of
Florida, and the water treatment facility serves approximately
80,000 customers over an area of 58 square miles. Their full-
scale plant has a treatment capacity of 30 million gallons per
day (MGD), utilizing RO, NF, and anion exchange processes
in parallel. The NF plant was constructed in 2010 and has a
maximum production capacity of 14.5 MGD.

3.1.1. NF pilot unit

The pilotand full-scale processes are uniquely configured:
feed water is split prior to entering both the left and right
sides of the six-element pressure vessels, then permeate is
collected on both ends, while concentrate is collected in the
center of the vessel, after only three membranes. A simplified
schematic of the pretreatment system and unique membrane
configuration is illustrated in Fig. 2. This configuration has
resulted in a lower pressure drop between stages, since the
water path only flows through half of the number of mem-
branes compared with a typical NF plant.

Pilot specifications and operating parameters are pre-
sented in Table 1. Membrane elements in the pilot unit are the
same as those currently employed by the Town’s full-scale NF
plant. The membranes are 8" in diameter and have a surface
area of 400 ft*. There are a total of 54 elements in the pilot, with
42 in the first stage and 12 in the second stage, and 6 elements
per pressure vessel, forming a 7:2 array. This results in a total
membrane area of 21,600 ft* in the pilot unit. The NF pilot oper-
ates with a feed flow rate of 267 gpm, resulting in a permeate
flow rate of 226 gpm while operating at an 85% water recov-
ery. The typical feed pressure of the pilot unit is 57 pounds per
square inch (psi), while the permeate pressure is 21 psi.

3.1.2. Feed water quality

The Town’s NF plant, and subsequently the Town’s NF
pilot unit, draws raw water from a fresh surficial ground
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Fig. 2. Simplified schematic of NF pretreatment and flow configuration.

Table 1

NF pilot unit specifications and operating parameters

Item Value
Membrane module NF270 (DOW Filmtec)
Membrane composition Polyamide thin-film composite
MWCO (Da) 200-400
Membrane pore diameter 0.84
(nm) [41]
MgSO, and CaCl, Rejection 97 and 40-60
(%) [42]
Pilot recovery (%) 85
Total number of membrane 54
elements
Elements in stages 1and 2~ 42 and 12
Membranes per pressure 6
vessel
Array 7:2
Membrane surface area 372 400
(DOW Filmtec) m?/element ft?/element
Total membrane area 2,007 m? 21,600 ft?
in pilot
Feed velocity 0.043 m/s 0.14 ft/s
Feed flow rate 60,636 L/h 267 gpm
Permeate flow rate 51,552 L/h 227 gpm
Concentrate flow rate 9,084 L/h 40 gpm
Feed pressure 3.93 bar 57 psi
Permeate pressure 1.45 bar 21 psi
Water flux 256Lm>?h' 151 gsfd

Table 2

NF pilot water quality in feed and permeate samples
Water quality Units Feed Total pilot
parameter water permeate
pH N/A 6.5 6.3
Temperature °C 25 25
Conductivity pS/cm 750 500
TDS mg/L 455 250
Alkalinity mg/L as CaCO, 240 172
Color* Color units (CU) 45 <5
uv,, cm™? 0.406 0.06
DOC* mg/L 11 <0.25
Chloride mg/L 50 50
Calcium mg/L 125 66
Sodium mg/L 23 19

*Method detection limits for color and DOC are 5 CU and 0.25 mg/L,
respectively.

water source. Feed water is transferred to the head of
the pilot following full-scale plant pretreatment, which
includes sand filtration, cartridge filtration (5 pm), and
sulfuric acid and scale inhibitor addition. Table 2 presents
water quality in pilot feed water and total pilot system per-
meate, collected and analyzed by the University of Central
Florida (UCF). Raw water entering the water treatment
facility is usually around a pH of 7.1, although sulfuric acid
is added as a pretreatment step to lower the pH to 6.5 for
hydrogen sulfide and scale control. Conductivity in the feed
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water is typically 750 nS/cm, and the total dissolved solids
(TDS) concentration in the feed water is around 455 mg/L.
Due to the large MWCO of the NF270 membranes, there
is no significant removal of monovalent anions and metals;
consequently, the typical conductivity and TDS in the pilot
permeate are 500 uS/cm and 250 mg/L, respectively. The
organic content of the feed water is typical for a south Flor-
ida ground water supply, with a dissolved organic carbon
(DOC) concentration of 11 mg/L. The pilot unit removes a
substantial portion of organics, with a permeate DOC con-
centration of <0.25 mg/L.

3.2. Caffeine characterization

Caffeine has frequently been detected in a surficial
ground water well that supplies the Town's water treat-
ment facility and nearby irrigation water [43], and does
not naturally occur in the environment. Additionally, caf-
feine was only partially rejected from the total pilot sys-
tem with a rejection value of 69%, indicating rejection is
controlled by diffusion, not size exclusion or electrostatic
repulsion. Consequently, caffeine was selected as the TrOC
to be modeled.

Caffeine and high performance liquid chromatogra-
phy (HPLC) grade methanol were purchased from Sigma
Aldrich (3300 S. 2nd St., St. Louis, MO). Caffeine proper-
ties presented in Table 3 were obtained from Chemical-
ize.org. The molecular weight of caffeine is 194 g/mole,
significantly less than the MWCO of NF270 membranes
used in this research. Therefore, the primary rejection
mechanism would not be size exclusion. Additionally,
caffeine is a neutral compound [35]; consequently, rejec-
tion due to electrostatic repulsion would not be plausi-
ble. Furthermore, caffeine has an octanol-water partition
coefficient (Log K ) of —0.55; therefore, caffeine adsorp-
tion to the membrane itself or pilot appurtenances was
neither anticipated nor observed.

3.3. Experimental procedure

Experiments were conducted over a course of seven
months to obtain enough data to calculate a solute mass

Table 3
Caffeine properties

Parameter Value
Chemical structure Hyc o
\N jfj\ - CH,
SALK
L,

Classification Stimulant
Chemical formula CH,N,O,
Molecular weight (g/mol) 194

Molecular volume (A% 164
Polarizability (A%) 179
Octanol-water partition -0.55

coefficient (Log K )

transfer coefficient and create a model, while also obtain-
ing enough data points to validate the model. Table 4
presents the first stage feed caffeine concentrations of 11
experiments ranging from 0.052 to 4,500 pg/L. Although
caffeine is not found in water supplies with concentrations
near the parts per million level, this wide range of data
allowed a more accurate calculation of the caffeine mass
transfer coefficient.

3.4. Sample preparation and analytical methods

Samples collected during experiments 1-7 were
shipped to and analyzed by a commercial laboratory.
Two 40-mL glass amber vials containing 80 pL of 32 g/L
sodium omadine (NaOmadine) and 5 mg ascorbic acid
were used to collect each sample. Samples were analyzed
using a fully automated on-line solid phase extraction,
HPLC, mass spectrometry-mass spectrometry system. A
detailed description of laboratory methods can be found
elsewhere [44].

Samples collected during experiments 8-11 were ana-
lyzed by UCF’s Civil, Environmental, and Construction
Engineering (CECE) and Chemistry Departments; stock
solutions of caffeine were prepared in methanol and stored
at —20°C. Further dilutions were prepared in water:metha-
nol mixtures (40:60 v/v) and were used as working stan-
dard solutions. Water samples were collected in silanized
amber bottles and were also prepared in water:methanol
mixtures (40:60 v/v) upon returning to UCF laboratories
and stored at —20°C until analysis.

Samples were analyzed using a HPLC system. The
HPLC experiments were performed using a Perkin-Elmer
series 200 HPLC (Santa Clara, CA, USA) consisting of a
series 200 binary pump, a series 200 UV-Vis detector with
deuterium lamp set at a maximum wavelength of 273
nm, a series 200 autosampler, and a series 200 vacuum
degasser. The analytical column used was a Zorbax
(Agilent) SB-C18 packed column with a 4.6 x 150 mm
dimensions. The mobile phase was water:methanol
40:60 (v/v) with a flow rate of 1 cm?/min. Sample run
time was 10.0 min with a 10.0-puL injection volume and at
isocratic conditions.

Table 4
Caffeine experiment summary

Experiment No. Feed concentration (ug/L)

0.052
0.18
0.24
0.55
2.0
77
74
1,020
1,418
2,920
4,500

O 00 N O U = W N =

U
= O
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4. Results and discussion
4.1. Model parameter determination

To predict caffeine transport using the HSDM and
HSDM-FT, the water mass transfer coefficient, K , must
be known, as indicated by Eq. (13). Prior to conducting
caffeine experiments, K was obtained experimentally by
operating the pilot unit at various pressures and recording
flux changes, then finding the slope of the line generated
when water flux was plotted as a function of the net applied
pressure, according to Eq. (4). An example of this param-
eter determination method is represented in Fig. 3 for the
total pilot system, and this process was replicated for the
first stage and second stage to determine their respective
water mass transfer coefficients. A summary of water flux
and mass transfer coefficients is presented in Table 5, and
coefficient of determination values (R?) are presented where
applicable. The relationship between F and K , demon-
strated in Eq. (5), was used to predict the permeate concen-
tration. The water mass transfer coefficient was 0.667 gsfd
for the total pilot system, and 0.587 and 0.679 gsfd for the
first and second stages of the pilot unit, respectively.

To experimentally determine the caffeine mass transfer
coefficient, K , experiments were conducted over a wide range
of concentrations, as previously presented in Table 4. Average
caffeine removal in the first stage, second stage, and total pilot
system was 75%, 85%, and 68%, respectively, calculated using
Eq. (4). The concentration range of caffeine in the feed during
the 11 experiments did not significantly impact rejection, as
standard deviations for first stage, second stage, and total

3 ¢’
Eowu "
: »
o
10
16 18 20 22 24 26

Net Applied Pressure (psi)

Fig. 3. Total pilot system water flux as a function of net applied
pressure.

Table 5
Water flux and water mass transfer coefficients

Stage/ Water flux (F) Water mass transfer
system coefficient (K )

gsfd Lmh gsfd/psi Lmh/bar R’
First stage 15.7 26.6 0.667 16.4 0.86
combined
Second stage 12.9 219 0.587 14.5 0.79
combined
Total pilot 151 26.6 0.679 16.7 0.83
system

pilot system rejections were 2.6, 5.0, and 2.9, respectively. Sim-
ilar findings have been demonstrated by others [45,46].

K_and K, were both determined experimentally using
linear regression. Additionally, K. was also calculated using
Sherwood relationships. To experimentally determine K,
solute flux values were plotted as a function of the change
in caffeine concentrations from the bulk side of the pilot
to the total pilot system permeate stream, and the slope of
this line was calculated. This methodology was replicated
for the first and second stages on both the left and right
sides of the pilot to determine their respective caffeine
mass transfer coefficients. Furthermore, the same tech-
nique was applied to determine K, values by using Eq. (8).
To create and validate a model, 70% of the data was used
to create a model, while the remaining 30% of data is used
for validation [18]. A total of 52 data points were obtained
from first stage, second stage, and the total pilot system.
Of these 52 data points, 36 (70%) were used to create the
model, while the remaining 16 (30%) were used to vali-
date. Due to the wide range of caffeine feed concentrations,
Fig. 4 is presented on a log-scale. The caffeine mass trans-
fer coefficient was determined to be 0.21 ft/d for the total
pilot system, while the first stage and second stage caffeine
mass transfer coefficients were experimentally determined
as 0.32 and 0.27 ft/d, respectively. The caffeine mass trans-
fer coefficients for the first stage left and right sides were
0.31 and 0.27 ft/d, respectively, and 0.25 and 0.26 ft/d for
the left and right sides of the second stage, respectively.
A summary of experimentally determined caffeine mass
transfer coefficients for the first stage, second stage, and
total pilot system are presented in Table 6, as well as R*
values, where applicable. When applying Sherwood rela-
tionships, the caffeine mass transfer coefficient was deter-
mined to be 2.36 ft/d (8.33 x 10 m/s) in the first stage and
2.44 ft/d (8.61 x 10° m/s) in the second stage.

4.2. Caffeine prediction and model validation

Flux and mass transfer coefficients presented in Tables 5
and 6 were used in the HSDM and HSDM-FT equations
(Egs. (14) and (15)) to predict the caffeine concentration in
the first stage, second stage, and total pilot system permeate,
illustrated in Figs. 5, 6, and 7.

Fig. 5 illustrates predicted vs. actual caffeine concentra-
tions in pilot permeate from the total pilot system and from

R

1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00

g

o

Solute Flux (1b/sfd)

1.E-01 1.E-03 1.E-05

AC (Ib/it3)

1.E-07 1.E-09

Fig. 4. Total pilot system solute flux as a function of change in
caffeine concentration.
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Table 6
Caffeine mass transfer coefficients

Stage/system Mass transfer coefficient (K ) F Back-transport mass
exp| - transfer coefficient (k,)
k, b
ft/d m/s R? Unitless R? ft/d m/s

First stage combined 0.32 11 x10° 1.0 2.44 1.0 2.35 8.3 x 10
First stage left 0.31 1.1 x 10°° 0.99 211 1.0 2.80 9.9 x 10-¢
First stage right 0.27 9.6 x 107 0.99 2.06 1.0 2.87 1.0 x 10
Second stage combined 0.27 9.6 x 107 0.99 1.55 1.0 3.95 14 x10°
Second stage left 0.25 8.8 x 107 1.0 145 1.0 4.68 1.7 x 107
Second stage right 0.26 9.3 x107 1.0 1.52 1.0 3.99 14 x 105
Total pilot system 0.21 76 x 107 0.99 3.72 1.0 1.54 54 x10°°

& HSDM - Tota Bilot System A HSDM - First Stage the left and right sides of stages 1 and 2 using the HSDM.

O HSDM - Second Stag'e 45 Degree Line Results are plotted on a log-scale due to the wide range of
- permeate concentrations and represent a total of 16 data
£ 10000 points. The solid 45° line represents a plot of predicted vs.
E Peal actual caffeine if there was no model error. Model verification
£ 1000 . . . .
2 ):r‘{‘j, was determined by conducting a paired f-test on predicted
E- 100 and actual caffeine data. Based on the paired f-test and the
§ / predicted vs. actual caffeine concentrations demonstrated in
ES 10 Fig. 5, it appears that experimentally derived caffeine mass
E E / transfer coefficients used in the HSDM are successful in
§ ! predicting caffeine concentrations in the first stage, second
5 AA’D{ stage, and total pilot system permeate. The average relative
g W percentage difference (RPD) of predicted and actual caffeine
_‘3 0.01 . . . . . . concentrations in the permeate streams was 12%.
?‘.’ T oo o1 1 10 100 1000 10000 Figs. 6 and 7 represent predicted vs. actual permeate con-
= Actual Caffeine Permeate Concentration (us/L) centration using the HSDM and HSDM-FT, at low and high

feed concentrations, respectively. The HSDM-FT slightly
over-predicts caffeine in the permeate streams, indicating
concentration polarization does not significantly affect caf-
feine permeation through this NF pilot. This could be due

Fig. 5. Predicted vs. actual caffeine concentration from first
stage, second stage, and total pilot system permeate using the
HSDM at low and high feed concentrations. Results are plotted
on a log-scale due to the wide range of concentrations.

<  HSDM - Total Pilot System & HSDM - First Stage © HSDM - First Stage Left
*  HSDM - First Stage Right O HSDM - Second Stage *  HSDM - Second Stage Left
4+ HSDM-FT - Total Pilot System A HSDM-FT - First Stage ® HSDM-FT - First Stage Left
K  HSDM-FT - First Stage Right B  HSDM-FT - Second Stage *  HSDM-FT - Second Stage Left
45 degree line
0.8
3
2 ]
=
2
E 0.6 o
g
2
8
o]
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§ 0.4 =
3 'y
S
5 \
3 0 A
=
£ A
= .
E /
]
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
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Fig. 6. Predicted vs. actual caffeine concentration from first stage, second stage, and total pilot system permeate using the HSDM
and HSDM-FT at low feed concentrations.
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Fig. 7. Predicted vs. actual caffeine concentration from first stage, second stage, and total pilot system permeate using the HSDM and

HSDM-FT at high feed concentrations.
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Fig. 8. Predicted vs. actual caffeine concentration in permeate from left and right sides of first and second stages of pilot system
using the HSDM with the mass transfer coefficients calculated using Sherwood relationships.

to the low operating pressure and high feed flow rate of the
pilot unit. These findings are similar to those found by Zhao
et al. [25]. When compared with the HSDM, the HSDM-FT
is not as accurate in predicting the caffeine concentration in
permeate, as the RPD between predicted and actual caffeine
concentrations was 27% and the paired t-test indicated a sta-
tistically significant difference between predicted and actual
caffeine concentrations in permeate streams.

When calculated using Sherwood relationships, the
mass transfer coefficients appear to over-predict caffeine
concentration in the permeate streams, as demonstrated on

a log-scale in Fig. 8. Fig. 8 presents data from the left and
right sides of first and second stages of the pilot system,
and the RPD between predicted and actual caffeine con-
centrations in permeate streams was 104%. Additionally,
a paired t-test revealed a statistically significant difference
between predicted and actual caffeine concentrations. This
over-prediction could be due to a variety of reasons that
include the possibility of Wilke-Chang coefficients used in
Eq. (12) may be too conservative as well as field conditions.
Alternatively, this method could have over-predicted caf-
feine transport since Sherwood correlations do not strongly
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Fig. 9. Predicted caffeine concentration vs. actual caffeine con-
centration in permeate using results found in the literature.

consider caffeine or water properties [4,40]. Others have
demonstrated similar findings, where models over-predict
TDS mass transfer at low TDS concentrations [25] similar to
what was experienced in the pilot study.

Fig. 9 was generated using Minitab® and illustrates
predicted permeate concentrations obtained using the
HSDM and mass transfer coefficients presented in Table 6,
vs. actual permeate concentrations using results obtained
using data from outside literature sources [6,47-51]. Fig.
9 is plotted on a log-scale due to the wide range of con-
centrations. The dashed lines represent 95% confidence
bands, and the solid line represents the trend line between
predicted and actual permeate concentrations. Feed and
permeate caffeine concentrations from outside literature
data range from 1 to 11,250 pg/L and 0.15 to 8,600 pg/L,
respectively. Predicted permeate caffeine concentrations
were calculated using operating data from the literature
sources. Sources range from loose NF to RO membranes,
and rejection of caffeine ranges from 24% to 85%. Results
indicate that the HSDM and experimentally derived caf-
feine mass transfer coefficients were able to predict the caf-
feine concentration in the permeate samples from the six
outside literature sources.

5. Conclusions

This work investigated the caffeine removal efficiency of
an NF membrane process at the pilot-scale and established
mass transfer models for water and caffeine transport using
two diffusion-based models: the solution diffusion model
and the solution diffusion model with FI. Experiments
were carried out using a 267-gpm, split-feed, center-exit NF
pilot operating as a two-stage system that utilizes a surfi-
cial groundwater source. Caffeine concentrations ranging
from 0.052 to 4,500 pg/L were used in the feed water, and
the average caffeine removal efficiency from the total pilot
system was 68%, with rejections of 75% and 85% in the first
and second stages, respectively. Removal did not vary by
solute concentration for constant flux (25.6 L m? h™') and
temperature (25°C) operating conditions.

Mass transfer models evaluated in this work include
the HSDM with and without FT, in addition to dimensional
analysis, using the Sherwood number, and were shown to
predict NF solute mass transfer. The models were validated
to within a 95% confidence interval using a combination

of results reported in this research and data obtained from
independent literature sources. Predicted vs. actual caffeine
content was linearly compared, revealing correlation coef-
ficients on the order of 0.99, 0.96, and 0.99 for the HSDM
without FT, HSDM-FT, and the Sherwood number, respec-
tively. However, the use of the HSDM-FT and the Sherwood
number resulted in the over-prediction of caffeine concen-
trations in permeate streams by 27% and 104%, respectively.
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