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a  b  s  t  r  a  c  t

Microfiltration  (MF),  ultrafiltration  (UF),  nanofiltration  (NF) and  reverse  osmosis  (RO)  membranes  were
evaluated for  their  ability  to  achieve  the  world’s  most  stringent  Hg  discharge  criterion  (<1.3  ng/L)  in
an  oil  refinery’s  wastewater.  The  membrane  processes  were  operated  at three  different  pressures  to
demonstrate  the  potential  for  each  membrane  technology  to  achieve  the  targeted  effluent  mercury  con-
centrations.  The  presence  of  mercury  in  the  particulate  form  in  the  refinery  wastewater  makes  the  use  of
MF  and  UF  membrane  technologies  more  attractive  in  achieving  very  low  mercury  levels  in  the  treated
wastewater.  Both  NF  and  RO  were  also  able  to  meet  the  target  mercury  concentration  at  lower  operating
pressures  (20.7  bar).  However,  higher  operating  pressures  (≥34.5  bar)  had  a significant  effect  on  NF  and
embrane filtration
reat Lakes Initiative mercury criterion

RO flux  and  fouling  rates,  as  well  as  on permeate  quality.  SEM  images  of  the  membranes  showed  that  pore
blockage and  narrowing  were  the  dominant  fouling  mechanisms  for the  MF  membrane  while  surface  cov-
erage  was  the  dominant  fouling  mechanism  for the  other  membranes.  The  correlation  between  mercury
concentration  and  particle  size  distribution  was also  investigated  to understand  mercury  removal  mech-
anisms  by  membrane  filtration.  The  mean  particle  diameter  decreased  with  filtration  from  1.1  ± 0.0  �m

.
to 0.74  ±  0.2  �m  after  UF

. Introduction

Mercury is currently one of the thirteen metals on the US EPA’s
riority pollutants list [1].  The fate of mercury in the environment is
omplex because of its persistence, biotransformation into methyl
ercury, bioaccumulation and biomagnification in aquatic food
ebs [2].  The removal of mercury at point source discharges is cru-

ial to minimize the entrance of mercury into watersheds and its
ubsequent biotransformation into methyl mercury.

The Great Lakes Initiative (“a combined effort between the
nited States and Canada to help restore, maintain, and protect

he ecosystem of the Great Lakes Basin”) (GLI) established a water
uality criterion for mercury (<1.3 ng/L or parts-per-trillion or ppt)
3]. This criterion is the world’s most stringent surface water dis-
harge limit for Hg. Many states in the USA have been currently
mplementing this criterion and issuing Hg permit limits in the
–10 ng/L range. Therefore, the removal of mercury from a vari-
ty of industrial wastewaters such as refineries, coal-fired power
lants, mining, chloralkali plants with the Hg-cell process as well

s from municipal wastewaters is becoming necessary to meet
ational Pollutant Discharge Elimination System (NPDES) require-
ents for surface water discharge in some parts of the USA. As limits

∗ Corresponding author. Tel.: +1 630 252 9662; fax: +1 630 252 4130.
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become more restrictive, many dischargers in the Great Lakes area
are developing plans to meet these new limits. However, design-
ing treatment processes to achieve this purpose is not an easy task
because of uncertainties about the ability of existing technologies
to achieve low-ng/L levels in treated wastewater [4].

Many of the traditional wastewater treatment processes includ-
ing precipitation, ion exchange, and adsorption are effective when
the mercury is in the soluble and ionic forms. These methods may
not be effective when the Hg is in the particulate/colloidal form.
However, mercury in many wastewaters is typically strongly asso-
ciated with particles in the effluent stream [4].  The affinity of
mercury for particulates makes the use of membrane technology
attractive in achieving low-ng Hg/L levels in the treated effluent.

The objective of this treatability study was to investigate the
potential of filtration to treat an oil refinery effluent and to deter-
mine its ability to meet the targeted effluent limits (mercury
<1.3 ng/L) at the bench-scale. A series of tests was  conducted to
assess the effectiveness of microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) membranes in pro-
viding effluent at or below the target mercury concentration.

The bench-scale treatability tests were designed to address the
following goals:
1. Determine the capability of different membrane filtration
technologies to achieve the targeted mercury concentration

dx.doi.org/10.1016/j.jhazmat.2012.02.040
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:negri@anl.gov
dx.doi.org/10.1016/j.jhazmat.2012.02.040
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Fig. 1. Flow diagram of the 

(<1.3 ng/L) in the “as-is” effluent (i.e. without any pretreatment
or prefiltration);

. Simulate the flow dynamics within a full-scale membrane unit by
using a bench-scale membrane unit to evaluate the membrane
filter characteristics, such as fouling, as well as to determine par-
ticle size distribution in the refinery wastewater before and after
membrane operations.

. Investigate systematically the flux and rejection properties of
the tested membranes as a function of pressure.

. Materials and methods

.1. Testing equipment and materials

The filtration test was performed in a lab-scale cross flow mem-
rane filtration cell (CF 042, Sterlitech, California) (Fig. 1) [5,6]. This
ell can be used in a variety of membrane filtration applications. The
ell body is made of Delrin® acetal. The top and bottom plates are
ade of stainless steel to accommodate pressures up to 69 bar.
Table 1 shows the properties of the 42 cm2 flat sheet mem-

ranes used in these experiments. The equipment and flat sheet
embranes were cleaned before testing, according to the vendor’s

nstructions [5].

.2. Wastewater samples

The treatability test was conducted on effluent taken from the
econdary clarifier of an oil refinery (CE). The CE samples were
ested in several different batches, with each batch equal to the
mount that would be used with a negligible change in mercury
peciation and composition within a 1 week time period based on
revious work [7].  An independent EPA certified analytical lab-
ratory (Lab A) collected wastewater samples at the source and
elivered them to Argonne using “clean hands-dirty hands” proce-
ures required by US EPA Method 1669 for low level metal analysis
8,9].

.3. Experimental procedure

The CE was delivered to the membrane unit from the feed tank
ith a volumetric pump while a rotameter was used to measure
eed flow rate (Fig. 1). Next, pressurized CE was  exposed to the
embrane. The permeate stream was collected into an acid-clean

lass container [8] to determine the permeate (Jv) flow rate, as well
s to analyze its characteristics, including mercury concentration,
-scale membrane test unit.

turbidity and pH. The permeate flow rate was measured with a
graduated cylinder and stopwatch. The membrane type and oper-
ating conditions were selected based upon literature review and
manufacturers’ suggestions [5,10–16]. The focus of this testing was
to evaluate the permeate quality when treating CE with different
membrane types.

The feed and permeate flow rates were measured during the
experiments to calculate the system recovery, which is defined as
the ratio of permeate flow to feed flow. The permeate rate measure-
ments were also used to calculate the flux of each tested membrane
type under varying operating pressures (Table 2). Once the system
reached each of the required operating pressures, the permeate
sample was collected after 30 min  of filtration which has been
reported to be sufficient to reach constant permeate flux and rejec-
tion with pressure-driven membranes [10,11].  All four membrane
units were operated at a constant feed flow rate of 2.5 L/min in order
to obtain the permeate required for analysis of treated wastewater
in a short period of time (1–3 h).

Before the experiments with CE, initial runs were conducted
with MilliQ water (18 M�  cm−1 resistivity) to assess, minimize and
eliminate any mercury contamination from the equipment (equip-
ment blank), as well as to determine the clean membrane flux at the
specified pressure range, as noted in Table 3. The initial screening
experiments were performed with CE “as-is” samples. The focused
tests were performed with CE that had been filtered through
5 �m,  1 �m,  and 0.45 �m in-line-filters (Millipore GWSC5001 and
GWSC10001, and Whatman Polycap GW 6714-6004). The sequen-
tial filtration was done to enable the membrane filtration unit to run
stably and successfully, since in many membrane applications one
membrane process is typically followed by another for the purpose
of producing high-purity water and decreasing operational prob-
lems [4].  The experimental layout for the focused testing is shown
in Fig. 2 [4,18].

All  testing was conducted in a Class 100 clean room facility
following the guidelines in US EPA Method 1631E for low level
mercury measurements [9].

2.4. Analyses

The samples were collected into clean sample bottles provided
by the certified lab as described in EPA Method 1631E [9].  The

CEt  = 0, permeate, and retentate samples were collected and ana-
lyzed for mercury to determine the removal percentage for each
tested membrane. Samples were sent to EPA certified independent
Lab B for analysis of the total and dissolved mercury by EPA Method
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Table 1
Characteristics of membrane filters used for mercury removal.

Filtration type/manufacturer Membrane specifications Operating conditions References

Polymer Pore size Designation Pressure (bar)

Microfiltration/GE Osmonics PVDF 0.3 �m JX 1.01, 2.1 5, 14, 15
Ultrafiltration/Koch Polysulfone 0.003 �m HFK-131 1.01, 2.1, 5.2 5, 10, 14
Nanofiltration/GE Osmonics Thin film 0 MWCO DK 1.4, 4.8, 10.3 5, 11–16
RO/GE  Osmonics Polyamide 0 MWCO  AD 3.4, 13.8, 55.2 5, 13, 16

Table 2
Operating conditions for screening and focused experiments.

Filtration type/manufacturer Operating conditions pressure (bar)

Planned Tested

Screening Focused

Microfiltration GE Osmonics 1.01, 2.1 1.01, 2.8, 4.1 2.8
Ultrafiltration Koch 1.01, 2.1, 5.2 3.4, 5.0 3.4, 6.9
Nanofiltration GE Osmonics 1.4, 4.8, 10.3 20.7, 34.5, 48.3 Not applicable
RO  GE Osmonics 3.4, 13.8, 55.2 20.7, 34.5, 48.3 Not applicable

Table 3
Typical product recovery and flux values for different membrane applications compared with experimental results.

Membrane Influent Pressure
(bar)

Reported fluxa

(L/(m2 h))
Initial flux
(L/(m2 h))

% Reduction in
initial flux

% Recovery
rateinitial

Reported % product
recovery (13)

Microfiltration MilliQ 2.8 221 @ 2.1 bar 38 70% 35 94
–98CE  2.8 11

Ultrafiltration MilliQ 3.4 781 @3.4 bar 34 73% 30 70
–80CE 3.4  9

RO MilliQ 20.7 25 @ 55.1 bar 39 85% 56
70
–85

CE  20.7 6 20
CE  34.5 196 45
CE 48.3  12 87

Nanofiltration MilliQ 20.7 37 @6.9 bar 29 55% 49
80CE  20.7 13 31

CE  34.5 41
CE  48.3 

a Manufacturers’ reported flux (5).

CE as  is 
(~34 L)

CE a�er 
0.45 μm 
filtra�on

5 μm 1 μm 0.45  
μmPrefiltra�on

Microfiltra�on

Ultrafiltra�on

Retentate

CE a�er 
0.3 μm 
filtra�on

Milli Q Milli Q0.3 μm
2.8 bar 

Retentate

Perm eate

Perm eate

CE a�er 
0.3 μm 
filtra�on

CE a�er 
0.003 
μm
filtra�on

Milli Q Milli Q0.003  μm
3.4-6.9  bar 

Retentate

Perm eate

Perm eate

Retentate

CE a�er  0.3 μm 
filtra�on+  spi ked 
with Hg(II)

CE a�er 
0.45  μm 
filtra�on

1

2 3

4

2

3

1
f
S
p
a

t
fi
t

3.1. Screening experiments
Fig. 2. Experimental layout for focused testing.

631 E [9] within 24 h. The samples were preserved and analyzed
or Hg by the analytical lab according to the EPA Method 1631E.
amples were also sent to a different, specialized lab (Lab C) for
article size and size distribution analysis [17] by light obscuration
nd dynamic light scattering method.

The UF and MF  membranes were also analyzed to determine

he fate of mercury during the filtration. Membrane filters were
rst submerged in a 50% BrCl solution for 6 h at 50 ◦C. This diges-
ion method pulls any mercury that is adsorbed to the filter into
–85
51

solution. Then, the solution was analyzed by Method 1631E for Hg
[9]. The MDL  of this analysis was 0.1 ng per filter.

Scanning Electron Microscopy (SEM) analysis was performed
to obtain micrographs of clean and used (fouled) membrane fil-
ters. A conductive Au layer was coated on the samples prior to SEM
by a sputter coater (Emitech K675X, Kent, UK). SEM images were
recorded with a JSM-7500F Field Emission SEM (JEOL Ltd., Tokyo,
Japan) at 30 kV accelerating voltage.

3. Results and discussion

Experiments were performed with relatively high volumes of
water (19–34 L) to maintain a constant mercury concentration
within the system and to identify any mercury loss or contamina-
tion during the experiments. This procedure was used because of
the low mercury concentration in the CE, as well as the challenges
and analytical restrictions encountered when measuring low ng/L
levels in water samples [9].  In addition, the membrane unit was also
operated in batch-mode to maintain a relatively constant mercury
concentration within the system. The only losses from the system
were samples removed for analysis. The work for this study was
separated into two phases:
Phase I consisted of initial screening experiments to determine
which membrane filtration process(es) would be suitable for the
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P: Permeate at the specified operating pressure (in bar) 

Fig. 3. Inlet and effluent characteristics and

efinery’s wastewater characteristics and would also allow strin-
ent mercury levels to be met  in the treated wastewater. The
bjective of this testing was to evaluate the permeate quality when
reating the CE with different membrane types. The best operating
ondition for each type of membrane was determined as a func-
ion of the operating pressure. The performance of each membrane
echnology was compared in terms of its ability to meet targeted
ffluent limits in the treated CE. Important preliminary perfor-
ance parameters, such as permeate flux and system recovery,
ere also identified for each tested membrane type under varying

perating pressures, as described in Table 3. Since the experiments
ere performed with CE “as-is” with no pretreatment, the tested

perating pressure values were much higher than the planned
perating pressures (Table 2) because of the fouling characteristics
f the CE which are discussed later.

Initial experiments were performed with MilliQ water
18 M� cm−1 resistivity) not only to determine the clean mem-
rane flux at the pressure range specified in Table 2, but also to
ssess mercury contamination (equipment blank). The manufac-
urer’s reported flux values were also higher than that of the data
btained from the MilliQ run, except for the RO filters. It should be
oted that the manufacturer’s reported data did not include infor-
ation on the characteristics of the water that they tested [5].  The

E water flux for each tested membrane was considerably lower
han that of the MilliQ water flux (Table 3). The comparison of both
ux data is important to understand the fouling characteristics of
he CE.

Operating conditions and water quality data for the tested mem-
rane technologies are summarized in Fig. 3. The retentate stream
as also analyzed for mercury to identify any contamination (gain)

r loss during operation of the membrane unit (method blank). The
g concentration in the retentate samples (Fig. 3) was basically the

ame as that of the initial t = 0 samples. This is because the equip-

ent and method blanks showed no Hg contamination or losses

uring membrane operation. Another contributing factor was that
he membranes were operated with high volumes of wastewater
18.9 L ∼ 5 gal) in batch-mode.
R: Retentate at the specified operating pressure (in bar)

rmance summary for membrane filtration.

Achieving the <1.3 ng Hg/L target in the treated water was the
most significant criteria of success in these membrane filtration
experiments. The MF  and UF processes were very successful in
achieving the required discharge criteria for mercury (Fig. 3).

Both NF and RO were also able to meet the target mercury con-
centration when operated at lower pressures (20.7 bar) (Fig. 3). The
NF and RO flux decline and fouling rates as well as deterioration of
permeate quality increased significantly with an increase in pres-
sure. This finding also has been reported by Zhu and Elimelech [22].
Shibutani et al. (2011) described the significant flux decline as a
result of lower foulant rejection at the membranes where more
foulant can penetrate and could adsorb and/or deposit on the sur-
face [23].

High membrane operating pressures (20.7–48.3 bar) lead to
high convective flow on the membrane surface and high initial
permeate flux rates and rapid accumulation of solids on the mem-
brane surface. The membrane surface characteristics might change
presumably due to concentration polarization, adsorption of partic-
ulates on the membrane surface, and electrostatic effects [24–28].
The rapid solids accumulation and concentration polarization on
the membrane surface has been shown to hinder the membrane
permeability [22].

No pressure drop occurred during the operation of the mem-
branes that would suggest membrane breakage; the pressure was
very stable throughout the experiments. Also, no water leakage was
observed from the system—the volume of water at the beginning
of the experiments was the same as the sum of the volumes of col-
lected samples and retentates. Based on these observations, it was
concluded that low permeate quality was not caused by membrane
failure, but presumably was related to the fouling characteristics of
the tested CE water. From the particle size analysis of the CE “as-is”
samples provided in Table 4, it can be seen that the mean particle
size is 1.1 �m and that 90% of the particles are <1.2 �m.  Therefore,

it can be concluded that the CE, which had ∼1000 ppm of dissolved
solids and an average of 15 ppm of TOC [7],  contained high con-
centrations of colloidal particles ranging from a few nanometers to
a few micrometers. Winfield [19] reported that dissolved colloidal
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Table 4
Particle size analysis by Accusizer (by number and volume).a

Sample Arithmetic mean Mode Median Number-based percentiles less than indicated size (�m)

10% 50% 90% 95%

CE as-is 1.1 ± 0.0 0.60 ± 0.0 0.67 ± 0.0 0.54 ± 0.0 0.67 ± 0.0 1.2 ± 0.1 1.7 ± 0.2
CE  after 0.3 �m 1.01 ± 0.1 0.54 ± 0.0 0.65 ± 0.0 0.53 ± 0.0 0.65 ± 0.0 1.2 ± 0.1 1.86 ± 0.3
CE  after 0.003 �m 0.74 ± 0.2 0.56 ± 0.0 0.62 ± 0.04 0.54 ± 0.0 0.62 ± 0.0 0.85 ± 0.3 1.05 ± 0.6

Sample Arithmetic mean Mode Median Volume-based percentiles less than indicated size (�m)

10% 50% 90% 95%

CE as-is 35.1 ± 0.3 33.9 ± 16.1 29.5 ± 2.2 13.1 ± 0.0 29.5 ± 2.2 66.2 ± 5.0 80.1 ± 9.1
CE  after 0.3 �m 39.0 ± 4.0 43.0 ± 2.3 38.7 ± 3.5 19.8 ± 5.8 38.7 ± 3.5 57.5 ± 6.3 63.6 ± 6.5
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•

CE  after 0.003 �m 38.9 ± 1.5 42.3 ± 1.3 

a Experiments were performed with triplicate samples.

aterials (<5 �m)  in secondary effluent wastewater contributed
ignificantly to RO membrane fouling. Severe fouling was  observed
hen the small colloids (75 nm)  were present along with natural

rganic matter and salts in the surface water [18,20].  In this current
tudy, the RO and NF membranes were fed CE potentially contain-
ng a high concentration of colloidal particles, which most likely
ontributed to the observed fouling.

Moreover, operation of the membranes at high pressures appar-
ntly created a shear field on the membrane surface, which most
ikely impacted the particle size distribution of the CE water and
he detachment/attachment pattern of particles on the membrane
urface. Furthermore, there is also the possibility that operation
f membranes at high pressures might impact particle morphol-
gy [21,22]. In this study, high operating pressure also probably
esulted in aggregate break-up in the wastewater, which may  have
aused the particle-associated mercury to detach from the parti-
les and become dissolved. The accumulation of dissolved mercury
n the membrane surface, as well as the subsequent release into
he permeate produced higher mercury concentrations in the per-

eate than expected. It should be noted that dissolved mercury
MW = 200 g/mole) is small enough to pass through the RO and NF

embranes. This might explain the high mercury concentrations
n the six samples collected after operation of the RO and NF mem-
rane filters. Similar test results have been reported by Schafer
t al. (2009) [20]. A similar impact of fouling on permeate qual-
ty also has been shown to occur with organic compounds, such as
lastic additives (MW = 78–266 g/mole) and endocrine disruptors
uch as hormones, pharmaceutical compounds, and humic acids
∼100 kDa) [24,25,27].  Additionally, other organics, such as sodium
lginate-polysaccharide (>100 kDa), disinfection by-products, and
norganic colloidal materials (silica colloids, iron oxide), have sim-
larly caused fouling and impacted permeate quality [21,22,26].
ioutopoulos et al. [21] reported that the presence of a complicated
hear field during the RO operation will most likely affect the size
istribution of the iron oxide particles, as well as their deposition
nd detachment pattern on the membrane surface [22].

Since fouling has a significant impact on the permeate quality
nd quantity, pretreatment of water for the removal of potential
oulant is crucial to ensure consistent high-quality water produc-
ion from the operation of RO and NF membranes [24,25]. The rapid
ouling of all the membranes, especially the high-pressure mem-
ranes (NF and RO), suggests that the CE requires prefiltration to
aintain stable and constant operation, as well as to obtain higher
embrane flux rates.
From the initial screening experiments, the following conclu-

ions can be made:
The permeate quality and quantity were dependent upon the
tested membrane type and applied operating pressure. Both
MF  and UF produced effluent concentrations below 1.3 ng Hg/L
 0 20.9 ± 1.3 38.5 ± 0.0 58.3 ± 3.7 62.2 ± 4.1

at pressures ≥2.8 bar. The RO and NF membranes operating
at 20.7 bar also provided effluent mercury concentrations of
<1.3 ng/L. The increase in the operating pressure resulted in an
increase in the permeate mercury concentration.

• The sharp decrease in permeate flux (55–85% reduction in initial
flux) after 1–3 h of operation was  presumably due to a rapid build-
up of solids on the membrane surface.

• Focused experiments were then performed only on MF/UF due
to following reasons: (a) They successfully achieved the target
limits at a lower operating pressure which is very attractive for
reducing capital and operation costs, and (b) NF/RO membranes
did not appear to add substantial benefits, given that their oper-
ation usually requires wastewater pretreatment using MF  or UF
membranes [18].

3.2. Focused testing

Since the higher solids concentration was the primary cause for
the membrane fouling during the operation, focused tests were per-
formed by operating the membrane filters sequentially to maintain
stable permeate flow, low operating pressure and less membrane
fouling, as shown in Fig. 3. Experiments were performed with
approximately 34 L of CE, which were filtered through 5 �m,  then
1 �m and 0.45 �m,  in-line capsule microfilters to reduce the foul-
ing of the membranes [28,29]. The characteristics of the initial CE
and the CE filtered through in-line filters are summarized in Fig. 4.
The permeate from the 0.45 �m filter was  used to feed the MF  unit.

The MF  unit was operated at 2.8 bar pressure. The permeate from
the MF  unit was  collected and used to feed the UF unit. The UF  fil-
tration experiments were performed with two different operating
pressures: 3.4 and 6.9 bar. Fig. 4 also shows the influent and efflu-
ent characteristics, as well the performance summary for the MF
and UF membranes. The percentage of mercury removal, as well as
the particle removal abilities of the membranes (Fig. 6) provided the
basis for the membrane performance comparison. Both membranes
demonstrated excellent mercury removal (<0.5 ng/L).

The permeate from 0.3 �m MF  was  also spiked with 20 ng Hg/L
(soluble/ionic Hg in 5% HNO3, Spex Certi Prep, New Jersey) to
investigate the removal of soluble Hg with UF  as well. The over-
all percentage of Hg removal was  69%. This result might be due
to the complexation of soluble mercury ions with colloidal parti-
cles existing in the wastewater. To bring mercury concentrations
to 1.3 ng/L in the presence of soluble mercury, other technologies
such as precipitation, carbon adsorption or RO and NF membranes
may  be combined with filtration, to remove the dissolved mercury.
Understanding the chemical form and species of the mercury in the

untreated wastewater is crucial in technology selection [7].

It was observed that flux rates increased significantly after
prefiltration of the CE (Microfiltrationt = 0: 232 L/(m2 h) and
Ultrafilrationt = 0: 187 L/(m2 h)). Differences in the fouling rates of
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Fig. 5. Changes in the permeate flux rates with the operating time.
amples). *P: Permeate at specified pressure (bar). *R: Retentate at specified pressure
bar). ʃSP: Permeate at specified pressure (bar) taken from spiked CE samples. ʃSR:
etentate at specified pressure (bar) taken from spiked CE samples.

he MF  and UF, with and without prefiltration, can be shown in
he differences in t0 fluxes (Table 3), as well as in the decrease in
ux rates (Fig. 5). Using MF  as a pretreatment would enhance UF
erformance by increasing the removal of particulates, which in
urn would produce a significant increase in the flux rates (Table 3
nd Fig. 5). The UF flux slightly decreased over the period that was
tudied. However, the flux reduction was higher with MF.  The per-
eate flux decline was 66% with MF  and 32% with UF at the end of

he experiments. The steady decrease in the flux rates of MF  could
e attributed to the membrane unit, with the 42 cm2 filter area hav-

ng reached its performance limit after filtering 34 L of prefiltered
E, or to foulants that remained in the prefiltered CE. These results

lso suggest the possibility of potentially different fouling mecha-
isms, since the chemistry of the membrane materials was not the
ame.

Conclusions from the focused tests are as follows:
Fig. 6. Cumulative percentage frequency particle size distributions between mem-
brane filtration processes.

• Sequential operation of membrane filtration units resulted in
high permeate flow rates and stable low operating pressures.

• Both MF  and UF confirmed the capability to achieve <1.3 ng Hg/L
concentration under operating pressures ≥2.8 bars. Also, 91% of
the mercury was  removed after 0.45 �m filtration, and 96% of the
mercury was removed after 0.3 �m filtration.

3.3. Particle size and size distribution analysis

The correlation between mercury concentration and particle
size distribution was also investigated in this study to obtain a bet-
ter understanding of mercury removal mechanisms by membrane
filtration technologies. A particle size distribution analysis was con-
ducted by using the Accusizer 770 (Worcestershire, UK) with an
MDL  of 0.5 �m, which works on the principle of light obscuration.
The test results were presented both as number and volume distri-
butions based on the average of three measurements. As shown in
Table 4, the mean particle size decreased with filtration. The mean
particle size of the CE “as-is” samples was  1.1 ± 0.0 �m,  decreas-
ing to 0.74 ± 0.2 �m after UF. Table 4 also shows that 90% of the
particles contained in the CE “as-is” samples were below 1.2 �m,
while 90% of the particles were less than 0.85 �m after UF. Less
than 10% of the particles in all of the tested samples were below
0.54 �m.  This indicates that the membranes with a ≤0.45 �m cut-
off pore size can reject more than 90% of the particles contained

in the samples. A further reduction in the particle size distribution
was  noticed after MF  and UF, as shown in Fig. 6. The size and fre-
quency of the particles decreased after the MF  process and again
after the UF process.
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Fig. 7. Particle size distribution of CE samples analyzed with Malvern Zetasizer Nano.

Fig. 8. Fouling of me

Table 5
Average particle diameter size for particles less than 1 �m by Zetasizer.

Sample Average diameter (nm)

CE as-is 570

o
l
c

l
Z
b
s
t
l
m
fi
m
b

CE after 0.45 �m 185
CE after 0.3 �m 170
CE after 0.003 �m Not applicable

The refinery’s historic particle size analysis (PSA) data support
ur findings, since more than 90% of the particles in the CE were
arger than 0.54 �m,  based on PSA [7].  These findings were also
onsistent with Dean and Mason’s (2009) findings [4].

The same samples also were analyzed with the photon corre-
ation spectroscopy/dynamic light scattering technique (Malvern
etasizer Nano, with MDL  of 0.4 nm)  to determine the size distri-
ution of the submicron particles. Fig. 7 shows that the CE “as-is”
amples had a wide particle size distribution range, but after fil-
ration this range became narrower. There were a couple of very
arge particles present in the samples after 0.003 �m filtration. The
ean particle diameter of submicron particles also decreased with
ltration from 570 nm to 170 nm after MF,  as shown in Table 5. The
ean particle size for the samples filtered through 0.003 �m mem-

ranes could not be determined, since the samples included only
mbrane filters.

a few very large particles. Because of their size, they have skewed
the average diameter calculations.

3.4. Membrane characteristics and morphology

Fig. 8 shows the clear advantage of using sequential filtration
over no pretreatment. Prefiltration prior to MF  and the subsequent
use of permeate from MF  into UF resulted in considerably higher
flux rates and lower fouling of these membranes while the mercury
removal performance of UF was  unchanged. As depicted in the pho-
tos, the color of the deposition layer on the membrane surfaces was
lighter in the prefiltered tests than in the tests with no prefiltration.

SEM analysis was used to compare surface morphology of clean
and fouled membranes. The SEM analysis demonstrated that pore
blockage and narrowing were the dominant fouling mechanisms
for MF  membrane (0.3 �m)  (Fig. 9). Pore size was reduced or
blocked by adsorption or retention of particles. The SEM images
of clean and fouled MF  membranes show that the deposition of

particles on the membrane appeared to constrict the pore open-
ings. This might be due to the interaction of the particles with the
membrane. However, surface coverage was the dominant fouling
mechanism with UF, NF and RO membranes.
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Fig. 9. Scanning electron micrographs of membrane filters: Left side—clean membranes; Right Side—fouled membranes: (a) Microfiltration; (b) Ultrafiltration; (c) Nanofil-
t

s
n
c

t
t
r
(
f

ration; (d) Reverse Osmosis.

Similar test results were also reported by Lee et al. [30]. MF
howed more fouling than UF membrane filtration since the domi-
ant fouling mechanism with MF  was pore blockage versus surface
overage.

PSA test results (Table 5) show that the vast majority of par-
icles (>90%) are greater than 0.54 �m pore size. However, less

han 10% of the particles are smaller than 0.3 �m size. It has been
eported that a small portion of the total natural organic matter
NOM) which are fractional components of NOM are responsible
or the significant flux decline through reversible fouling [30].
3.5. Mass balance calculations

Total Hg concentration on the membrane surface was  directly
measured by Method 1631E [9] as described earlier. Table 6 shows
the Hg concentrations of the clean and used membrane filters. The
mercury content of clean membranes was subtracted from the mer-

cury content of used membranes. The higher Hg concentrations at
the MF  membrane showed that mercury adsorbed onto the mem-
brane surface as expected. Table 6 also shows the measured Hg
concentration and volume of each stream.
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Table 6
Experimental data for mass balance calculations.

Membrane Hg on filter Influent Permeate Retentate

Clean (ng/filter) Used (ng/filter) Hg (ng/L) Volume (L) Hg (ng/L) Volume (L) Hg  (ng/L) Volume (L)

18.9
18.9

1

2

5

1

T
e
t
m
d
H
s
o

0

2

T
s
i
b
d
t

4

n
w

•

•

MF  0.55 19.2 5.96 

UF  1.27 1.93 0.15 

The Hg mass balance can be written as follows:

. Wastewater volume

Vinf = Vper + Vret (1)

. Convert the given constituent quantities in Table 6 to mass val-
ues:

Cinf × Vinf = Cper × Vper + Cret × Vret + Hgfilter (2)

Hg mass balance for MF

.96 ng Hg/L × 18.925 L ∼= 0.55 ng Hg/L × 2.5 L + 5.69 ng Hg/L

× 16.425 L + 18.65 ng

12.8 ng Hg ∼= 113.5 ng Hg

his calculation demonstrates that the total mercury content was
ssentially the same (within 0.6%) before and after the operation of
he microfiltration membrane unit. Given that the equipment and

ethod blanks show that there is no mercury loss or contamination
uring the operation of membrane unit, the mass conservation of
g within the membrane system is confirmed. This calculation also

hows that more than 16% of the Hg in the influent was adsorbed
nto the membrane surface after 1 h of membrane operation.

Hg mass balance for UF

.15 ng Hg/L × 18.925 L ≈ 0.14 ng Hg/L × 17.925 L + 0.23 ng Hg/L

× 1.0 L + 0.66 ng

.84 ng Hg ≈ 3.40 ng Hg

he mercury detected on the UF membrane was low (0.66 ng/L)
ince the experiments were performed with wastewater contain-
ng very low mercury concentrations (0.15 ng/L). The difference
etween input and output mercury content (about 19%) might be
ue to analytical errors when measuring very low ng/L concentra-
ions by Method 1631E with MDL  of 0.5 ng/L in most cases [9].

. Conclusions

This study provides a bench-scale evaluation of membrane tech-
ologies in achieving the world’s most stringent Hg discharge limits
ith refinery wastewater. The major findings from this study are:

The experimental test results indicated that MF  and UF mem-
branes with operating pressure of ≥2.8 bar were highly effective
in removing mercury, which was present mostly in particu-
late form. The water quality goal of <1.3 ng Hg/L was  met  and
exceeded after MF  and UF membrane processes.
Both NF and RO were also able to meet the target mercury
concentration when operated at lower pressures (20.7 bar). How-
ever, The RO and NF membranes with no pretreatment were
unable to remove particulate mercury completely from the refin-

ery wastewater at higher operating pressures (≥34.5 bar). This
result might be due to concentration polarization because of
solids deposition on the membrane surface or due to breakage
of particulate bond Hg under high convective flow, followed by
25 0.55 2.5 5.69 16.425
25 0.14 17.925 0.23 1.0

release into the permeate, and hence decrease in the rejection of
Hg.

• The correlation between mercury concentration and particle size
distribution indicates that the membranes with a ≤0.45 �m cut-
off pore size can reject more than 90% of the particles contained
in the refinery samples and can also meet the target Hg con-
centration (<1.3 ng/L). A further reduction in the particle size
distribution and frequency of the particles as well as Hg con-
centration in the treated wastewater was found after MF  and UF
treatment.

• A series of analyses, including SEM and optical observation, flux
and Hg rejection measurements confirmed that the membranes
were fouled by the refinery wastewater. The SEM images and pic-
tures of membranes indicate the build-up of the fouling layer on
the membrane surfaces after exposure to the refinery wastew-
ater. The sharp decrease in permeate fluxes (55–85% of initial
fluxes) after 1–3 h of operation is due to a rapid build-up of a
fouling layer on the membrane surfaces. Although the product
recovery percentages of each tested membrane initially increased
with the increasing operating pressures, the membranes fouled
more severely in a short period of operation time as higher
convective flow results in increased deposition of solids on the
membrane surface.

• The mass balance calculations for Hg showed that total mercury
content was  the same before and after the operation of MF unit,
and confirmed the accumulation of Hg within the membrane sys-
tem.

• Pilot-scale studies are needed to determine the flux and rejection
properties of the tested membranes systematically and to con-
firm the mercury removal performance of MF  and UF membranes
under continuous and varying influent conditions.
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