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Abstract: The low-pressure reverse osmosis (LPRO) process is a recent development of reverse
osmosis (RO) technology for the reduction in RO energy consumption and operation cost. The
goal of this study was to investigate the performance of LPRO processes for the treatment and
reuse of effluent discharged from brewery upflow anaerobic sludge blanket bioreactors (UASB).
In this study, three different commercially available LPRO membranes were tested to evaluate the
water quality that can be achieved under different operational and pretreatment conditions. It
was found that the filtration performance and the effluent quality of the LPRO membranes can be
considerably affected by the operation conditions and the selection of the pretreatment processes. The
ultrafiltration (UF) pretreatment and the control of the operation pressure were found to be essential
for mitigating LPRO membrane fouling, which could be caused by Ca2+ associated precipitates and
organic gelation, in the treatment of the brewery UASB effluent. Water quality analyses showed that
an integrated process of the UASB + UF + LPRO could achieve an effluent quality characterized
by concentrations of 10.4–12.5 mg/L of chemical oxygen demand (COD), 1.8–2.1 mg/L of total
nitrogen (TN), 1.3–1.8 mg/L of ammonia nitrogen (NH3-N) and 0.8–1.2 mg/L of total phosphorus
(TP). The effluent quality and the LPRO performance could be further improved by adding a granular
activated carbon (GAC) adsorption process between the UF and LPRO processes, which reduced
the concentration of COD to 7–10 mg/L and those of TN, TP, NH3-N to below 1 mg/L. For the
treatment of the UASB effluent tested in this study, the UF, UF + GAC (retention time 4 hrs), UF +
LPRO, and UF + GAC + LPRO, respectively, achieved overall COD removal efficiencies of 89.6–93.7%,
94.5–96.7%, 99.3–99.1% and 99.3–99.4%; TN removal efficiencies of 73.0–78.2%, 89.2–97.2%, 97.1–98.2%
and 94.3–99.7%; and TP removal efficiencies of 29.3–46.2%, 77.0–95.4%, 95.9–97.6z% and 98.0–98.3%.
This study showed that both UASB + UF + LPRO and UASB + UF + GAC + LPRO are effective
treatment processes for treating brewery wastewater toward reuse water quality standards set by the
United States Environmental Protection Agency (US EPA). Therefore, the results of this study would
help to answer whether a LPRO can treat the brewery UASB effluent to meet the requirements of
wastewater reuse standards.

Keywords: low pressure reverse osmosis membrane; upflow anaerobic sludge blanket reactor;
brewery wastewater; water reuse; ultrafiltration; granular activated carbon adsorption

1. Introduction

The increased demand for clean water has led to industrial wastewater being viewed
as more of a resource rather than a burden. The wastewater generated from beer production
typically contains chemical oxygen demand (COD) of 1800 to 50,000 mg/L, total suspended
solids (TSS) of 550 to 3000 mg/L, total Kjeldahl nitrogen (TKN) of 20–600 mg/L, and total
phosphorus (TP) of 4 to 103 mg/L [1]. A common treatment scheme for brewery wastewater
involves the use of a Upflow Anaerobic Sludge Blanket (UASB) Reactor. UASB can typically
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achieve COD removals ranging from 57% to 80% in the treatment of brewery wastewater,
implying that a relatively high COD residual exists in the UASB effluent [2]. While the
brewery industry is facing increased pressure to reduce water for cost reduction and
production expansion, it is important to look into water reuse through tertiary treatment of
the UASB effluent.

Werkneh et al. [1], who reviewed some of the recent advances in areas of water reuse
and energy recovery, highlighted membrane bioreactors (MBR), nanofiltration (NF) and
reverse osmosis (RO), and fluidized bed reactors (FBR) as areas of important developments
of brewery wastewater treatment and reuse. Han et al. [3] reported that an anaerobic mem-
brane bioreactor used in the treatment of brewery wastewater achieved a COD removal
higher than 98% at an organic loading rate of 5 g/L/d, where the membrane filtration made
a substantial improvement in the removal of COD and total suspended solids. Alvarado-
Alssman [4] showed that anaerobic inverse fluidized bed reactor (IFBR) achieved around
90% of COD removal in the treatment of brewery wastewater. Asensio et al. [5] assessed
a microbial electrochemical FBR (ME-FBR) for the brewery wastewater treatment and
reported 80 to 90% of COD removal achieved under conditions of the COD overloading,
presence of biocide, long-time starvation, and low temperatures. Braeken et al. [6] evalu-
ated NF for the treatment of biologically treated brewery wastewater and reported that
NF could achieve a 100% of COD removal, 55% of sodium removal and 70% of chloride
removal. A further improvement in the removal of ionic species to meet the reuse require-
ment of brewery wastewater can be achieved by the inclusion of reverse osmosis into the
treatment chain [7]. Verhuelsdonk et al. [8] completed an economic evaluation of brewery
wastewater reuse and reported that UASB wastewater could be treated to drinking water
quality with a yield of 63% by using an MBR + UF + RO system.

Although reverse osmosis (RO) is a well-established technology for water reuse and
desalination [7,9], its application in brewery wastewater reuse has been limited by its
high energy consumption and operating costs. An emerging area in the RO membrane
technology is the low-pressure RO (LPRO) membranes which have been developed to re-
duce the RO operation pressure when maintaining high rejections to small soluble organic
molecules and ionic species [10]. Venzke et al. [11] showed that the DOW Filmtec LPRO
spiral wound membrane module coupled with sand filtration and activated carbon adsorp-
tion achieved over 92% rejections to conductivity, total dissolved solids, total phosphorus,
chlorides, and alkalinity in the treatment of petrochemical wastewater. Xu et al. [12] tested
two LPRO membranes for the treatment of wastewater produced from the natural gas
extraction process in a two-stage lab scale unit and reported that the LPRO membranes
had similar rejection of divalent cations and better rejection of TOC compared to a con-
ventional RO membrane process. Although studies have shown that effluents generated
by LPRO processes could meet various water reuse standards [11,12], the water qualities
obtained from LPRO processes could vary with the wastewater characteristics, water chem-
istry, membrane properties, pretreatment processes, LPRO operational conditions and the
compositions of the pretreatment prior to the LPRO filtration.

Although LPRO is a promising technology for water reuse, to the best of our knowl-
edge, it has not been tested for brewery wastewater reuse. The goal of this study is to
investigate the performance of LPRO processes for the treatment and reuse of brewery
wastewater UASB effluent using commercially available LPRO membranes. The micro-
filtration (M F), UF, and GAC adsorption were evaluated as the pretreatment processes
in terms of their impacts on the membrane performance and water quality. The qualities
of the effluents produced by the UASB + UF, UASB + UF + LPRO, UASB + UF + GAC +
LPRO were assessed against the US EPA guidelines as well as requirements taken from
industrial case studies. This applied study sheds a light on water qualities that can be
achieved by integrating LPRO with different pretreatment processes in the treatment of
brewery UASB effluent.



Water 2021, 13, 2123 3 of 14

2. Materials and Methods
2.1. Wastewater Sample Collection and Characterization

Samples were taken from a local brewery which used a UASB bioreactor as the
biological treatment step in their wastewater treatment regime. These samples were
taken from the recycle stream and stored at 4 ◦C and were characterized within a week
of collection apart from the first batch collected. HACH chemical analysis kits and a
DR 5000 UV-Vis Spectrophotometer (HACH) were used to measure Chemical Oxygen
Demand (COD), Total Phosphorus (TP), Orthophosphate phosphorus (PO4

3−-P), Total
Nitrogen (TN), Kjeldahl Nitrogen (TKN), Nitrate Nitrogen (NO3

−-N), Nitrite nitrogen
(NO2

−-N), and Ammonia Nitrogen (NH3-N). Alkalinity (AlK), conductivity, and pH of
wastewater and treated effluent were measured using a TitraLab 854 pH-Stat Titration
Workstation (HACH). EPS constituents (Protein and Humic acids) were characterized using
the modified lowery method, as detailed by Shen et al. [13]. Total carbohydrates were
measured using the Phenol-Sulfuric Acid method [14]. Metal and anion analysis were
done at an ALS Global laboratory in Waterloo, Ontario using inductive coupled plasma
mass spectrometry (ICP-MS). In this study, four batches of wastewater were used to study
various parameters of LPRO filtration. Table 1 summarizes the main parameters of the four
batches of wastewater.

Table 1. Wastewater characteristics of different batches of wastewater tested, where COD: Chemical
Oxygen Demand; TP: Total Phosphorus; PO4-P: Orthophosphate Phosphorus; TN: Total Nitrogen;
TKN: Kjeldahl nitrogen; NOx-N: Nitrite and Nitrate nitrogen; and NH3-N: Ammonia Nitrogen.

Bach 1 Bach 2 Bach 3 Bach 4

COD mg/L 1473 (13.14) * 1835 (35.49) 1739 (38.13) 1388 (32.00)
TP mg/L 65.25 (0.15) 106.90 (0.70) 75.80 (0.80) 29.28 (0.24)

PO4-P mg/L 36.45 (0.35) 66.10 (0.10) 48.90 (0.70) 18.92 (0.00)
TN mg/L 59.20 (0.15) 75.30 (1.80) 107.10 (9.60) 72.40 (0.80)

TKN mg/L 57.80 (0.30) 73.56 (1.77) 105.75 (9.45) 70.40 (0.80)
NOx-N mg/L 1.40 (0.15) 1.74 (0.03) 1.35 (0.15) 2.00 (0.00)
NH3-N mg/L 11.56 (0.45) 13.70 (1.40) 23.54 (0.11) 7.68 (0.38)

* () standard deviation.

2.2. Sample Pretreatment by Microfiltration, Ultrafiltration and GAC Adsorption

As shown in Figure 1, a process stream used for UASB effluent treatment could include
gravity settling, low pressure membrane filtration, granular carbon adsorption, and LPRO.
Figure 1a shows the treatment scheme involves microfiltration or ultrafiltration, and LPRO
processes, while the scheme described in Figure 1b includes a GAC adsorption between
the low-pressure membrane filtration and the LPRO processes. Among these processes,
the LPRO treatment is the essential step to treat the UASB effluent toward reuse standards,
while the low-pressure membrane filtration and GAC adsorption are the pretreatment
processes prior to the LPRO treatment. The purpose of the pretreatment is to minimize
the particulate and soluble substances in the feed to the LPRO processes to mitigate the
LPRO membrane fouling and improve water quality of the final effluent. The selection
of the pretreatment processes will depend on how they affect the performance and water
quality of the LPRO treatment.

To evaluate the effect of different pretreatment process on the LPRO filtration and
water quality, the UASB effluent samples were pre-treated by settling and the 1.5 µm filter
paper (Whatman Glass Microfiber Filter, Sigma Aldrich, St. Louis, MO, USA) vacuum
filtration prior to the microfiltration, ultrafiltration and RO treatment. Microfiltration
was done using an Amicon Stirred Cell Model 8400 (Sterlitech Corporation, Auburn, WA,
USA) with a PVDF membrane developed by Tongji University in China. A Bronkhorst
EL-PRESS Digital Electronic Pressure Controller was used to control the filtration pressure
at between 5 to 20 kPa. Ultrafiltration was performed using Sepro PS-20 polysulfone,
or with Microdyne Nadir PM UP150 polyethersulfone membranes with a nominal pore
size of 0.04 microns and a molecular weight cut off (MWCO) of 150 kD, respectively. The
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filtrations were done in the Amicon dead end filter with the pressure controlled at between
5 and 50 kPa. The accumulated weight of collected during the filtration was monitored
using a balance that was connected to a computer equipped with a LabView program. The
UF and MF filtration tests were conducted in batch mode with 180 mL of the UASB effluent
filtered in each batch of the filtration test at a stirring speed of 200 rpm.
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Granular activated carbon (GAC) used in the activated carbon adsorption pretreatment
was purchased from Sigma Aldrich, which has nominal sizes between 2.4–4.6 mm and
active surface areas ranged from 600–800 m2/g based on the information provided by the
supplier. The GAC material was washed using DI water and then dried at 105 ◦C prior
to the adsorption tests [15]. The GAC column used in this study was 24 cm tall with an
ID of 2.54 cm giving it a total working volume of 121.6 cm3. The column was packed
with 27 grams of washed GAC. The pretreatment with GAC was carried out after the
UASB effluent was treated by ultrafiltration. The retention time of the feed water within
the adsorption column was controlled by a peristaltic pump to achieve the desired GAC
adsorption retention times. In each GAC column adsorption test, 250 mL of effluent was
collected for the further LPRO filtration experiments.

2.3. Reverse Osmosis Stirred Cell Operation

Reverse osmosis experiments were done as a batch process using a Sterlitech HP4750
stirred cell connected to a nitrogen pressure vessel. The RO filtration was conducted at
constant pressure with the pressure controlled by a pressure regulator. Effluent of the LPRO
filtration was collected in a beaker placed on an analytical balance with the accumulated
weight data collected every second using a LabView (National Instruments) program to
determine the instant filtration flux at different filtration times. The batch LPRO filtration
experiments were started with an initial effluent volume of 250 mL and run until a filtrate
volume of 180 mL was collected.

In this study three different commercial membranes (DOW XLE, Toray 73HA and
GE AK) were tested. These membranes were all purchased from Sterlitech Corporation
and identified by the supplier as the LPRO membranes. The clean water permeabilities
(Liter/m2/h/bar) measured using the Sterlitech HP4750 stirred cell at 10 bar and 200 rpm
were 6.32 for the DOW XLE membrane, 2.77 for the Toray 73HA membrane, and 4.32
for the GE AK membrane. The membrane performance was studied based on the flux
profiles at constant RO operation pressures and the changes in membrane resistance after
the filtration. The change in the membrane resistance during each LPRO filtration run
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was determined using clear water filtration conducted before and after the filtration. The
membrane filtration resistance is calculated by using the Darcy Law [16]:

J =
∆P − ∆π

µ × RT
(1)

where J is the flux (in m/s), ∆P is the applied pressure (in pascal), ∆π is the osmotic
pressure of the influent (in pascal), µ is the dynamic viscosity (in Pa × s), and RT is
the total resistance (in 1/m). When filtering clean water, the total resistance is equal to
the membrane resistance (Rm, units 1/m) and the osmotic pressure is zero, allowing the
following equation for the calculation of membrane resistance:

Rm =
∆P

µ × J
(2)

The resistance caused by the fouling layer and osmosis pressure (cake resistance, Rc,
units 1/m) was calculated by subtracting the pristine membrane resistance from the total
resistance as shown below:

Rc =
∆P

µ × J
− Rm (3)

Removal efficiency was calculated with the following equations:

%removal efficiency =
in f luent (mg/L)− e f f luent (mg/L)

in f luent
(mg

L

)
× 100% (4)

2.4. Fouling Characterization by SEM/EDS and CLSM

The membrane foulant deposited on the membrane surface during the LPRO filtration
was characterized using Scanning Electron Microscope (SEM)-Energy Dispersive X-ray
Spectroscopy (EDS). SEM-EDS samples were prepared by air drying for a minimum of
24 h before being placed on a microscope slide using double sided tape. The samples were
then fixed to an EDS stud with carbon tape which also acted as the required electrical
connection. Samples were coated in gold using sputter deposition. SEM imaging was done
using a FEI Inspect S50 equipped with an Oxford X-Max 20 Silicon Drift Detector (SSD).
The EDS analysis was performed using Oxford Aztec Software. On each sample, images
were taken of the tip, middle and outer edge of the membranes, after which EDS spectra
were done for a minimum of four sites on each SEM image of the membrane samples.

3. Results
3.1. Pretreatment of the UASB Effluent

Table 2 shows the removal efficiency of COD, TP, TN, and TKN by 1.5 µm glass
filter paper, 0.45 µm microfiltration, and 0.04 µm ultrafiltration membrane based on the
characteristics of the UASB effluents of the four batch samples taken from the local brewery
over an one-year period. As seen in Table 2, there was significant variation in water quality
of the samples in terms of COD, phosphorus, and nitrogen contents, which could be caused
by the types of beer brewed and the daily productivities over different seasons, as the
UASB operator noted that the higher production rates in the summer months affected the
effluent quality negatively.

For the UASB effluent tested in this study, the COD concentrations of the filtrates ob-
tained from the 1.5 µm filter, 0.45 µm membrane filtration, and 0.04 µm membrane filtration
were in the ranges of 271.3 mg/L to 436 mg/L, 206.7 mg/L to 300 mg/L, and 92.2 mg/L
to 190 mg/L, respectively. The TP in the effluents varied from 43 mg/L to 84.2 mg/L
for 1.5 µm filtration, 40.7 mg/L to 80.3 mg/L for 0.45 µm filtration, and 35.1 mg/L to
75.5 mg/L for the 0.04 µm ultrafiltration. The TN concentrations in the effluents varied
from 21.3 mg/ L to 33.7 mg/L for 1.5 µm filtration, 16.7 mg/L to 24.2 mg/L for 0.45 µm fil-
tration, and 12.9 mg/L to 20.3 mg/L for the 0.04 µm ultrafiltration. These results indicated
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the water quality obtained from the filtration of 1.5 µm filter paper, 0.45 µm membrane,
and 0.04 µm membrane varied significantly with the UASB effluent characteristics.

Table 2. UASB effluent characteristics and the contaminant removal achieved by the filtration with
the 1.5 µm filter paper, 0.45 µm MF and 0.04 µm UF.

UASB Effluent 1.5 µm Filter Paper 0.45 µm MF 0.04 µm UF

mg/L (%) (%) (%)

COD 1388–1835 71.5–85.6 83.7–86.0 89.6–93.7
TP 29.3–106.9 21.2–34.0 24.9–31.6 29.3–46.2
TN 59.2–107.1 55.2–64.0 67.9–71.8 73.0–78.2

TKN 57.8–105.7 55.3–65.6 67.8–72.3 73.1–78.9

The concentrations of the COD, TP and TN in the filtrate were reduced by 31.1%,
56.4% and 4.6%, respectively, when the pore size of the filter was reduced from 1.5 µm
to 0.45 µm, resulted from the complete rejection of particulate species by the 0.45 µm
microfiltration membrane. When the pore size of the filter was further reduced from
0.45 µm to 0.04 µm, the removal of the COD, TP, and TN was increased by 10.3%, 28.2%
and 39.8%, respectively. Compared to 0.45 µm microfiltration, 0.04 µm ultrafiltration could
achieve significantly higher TN removal, which could be attributed to the improvement in
the rejection of soluble proteinaceous substances by the UF membrane. The improvement
in the removal of soluble organic species in the UASB effluent by UF showed significant
impact on the filtration behavior of LPRO membranes. The LPRO treatment of the UF
effluent showed both a higher initial and overall flux and a much smaller drop in flux over
the 4 h of the filtration than those with the MF effluent (Figure 2a). This result confirmed
that ultrafiltration is a necessary pretreatment method for the RO treatment of the UASB
effluent of brewery wastewater.
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3.2. Effect of RO Operation Pressure

The operation pressure is an important operation parameter of LPRO, which affects the
filtration productivity (flux), membrane fouling, and energy consumption. Figure 2b shows
the change in flux over time in the filtration at 3, 5 and 10 bars with GE membrane. A clear
difference in the flux drops with the different operation pressures was noted in the LPRO
filtration of the UF treated UASB effluent. The filtration at 10 bars showed a fast decline in
flux. An initial flux drops was also observed with filtration at 5 bars but at a slightly lower
rate than the filtration at 10 bars. For the filtration at 3 bars the flux decline was significantly
lower than that with the filtration at 10 and 5 bars. The changes in the membrane resistance
after the filtration are shown in Figure 2c which emphasizes the increase in the membrane
resistance with filtration at higher pressures. These preliminary results indicate that the
filtration fluxes of the LPRO membranes are sensitive to the operational pressures in the
pressure range from 3 bars 10 bars, implying that the operation pressure is a deterministic
factor of membrane fouling in the LPRO filtration of the UF treated UASB effluent. In
addition, the sensitivity of the flux to the filtration pressure suggests that the pressure
distribution along a membrane module will exert a significant impact on the filtration
performance of the commercial LPRO module and thus, a special attention should be paid
to the pressure drops along the membrane module in the design of LPRO processes.

The observed flux decline in the LPRO filtration can be mainly caused by the retention
of small inorganic and organic species or the formation of inorganic salt precipitation, given
the UF pretreatment can remove suspended particles, bacterial cells and a large fraction of
polysaccharides [17]. The insignificant flux drop in the filtration at 3 bars might suggest
that for the stirred cell constant pressure filtration there is a pressure below which a stable
flux can be established. As analogous to the definition of the critical flux for the constant
flux filtration, the critical pressure for the constant pressure filtration can be regarded as the
maximum pressure at which the initial flux obtained is lower than the critical flux [18–20].
Since operating the LPRO above the critical pressure yields little improvement in the long-
term flux (Figure 2b), identifying the critical pressure is important for the optimization
of the operation pressure to minimize membrane fouling and energy consumption in the
LPRO treatment of UASB effluent.

3.3. Filtration Behavior of Different Low-Pressure RO Membranes

In this study, stirred cell constant pressure filtration tests were conducted to assess the
filtration behaviors of different commercial LPRO membranes for the treatment of the UF
pre-treated UASB effluent. Figure 3a shows the flux-volume profiles of the Toray, DOW,
and GE membranes obtained in the filtrations at 10 bars. The Toray membrane showed the
lowest flux, while the DOW membrane outperformed the GE membrane during the first
100 mL of filtration but later showed similar flux as the GE membrane. Overall, the Dow
membrane had the highest production rate, followed by the GE and Toray membranes,
respectively. For the constant pressure filtration, the flux drop reflects the increase in the
filtration resistance caused by the organic and inorganic solutes retained by membranes.
Although the three commercial membranes had different instant flux-time profiles, they
exhibited similar normalized flux drops (J/Jo) with respect to the filtrate volume, which
suggests that the flux drops during the filtration were directly related to the filtrate volume
and the increases in the filtration resistance were dominated by the amount of solutes
retained by the membranes. The LPRO membrane can retain monovalent and divalent
inorganic ionic species and soluble organic compounds, such as volatile fatty acids (VFAs),
proteins, sugars, nucleic acids, etc. The retained chemical species can form a concentration
polarization layer at the membrane surface, which can result in a high osmosis pressure,
high filtration resistance, and the formation of irreversible fouling layer through organic
gelation or precipitation of inorganic species. The clean water tests conducted before and
after filtration revealed an irreversible fouling layer formed at the surfaces of all three
membranes tested, but the residual filtration resistance or the irreversible resistance caused
by membrane fouling were different with those three commercial membranes (Figure 3c).
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The permeabilities reduction after the filtration tests were 29.2%, 66.0% and 33.3% for
Toray, GE and DOW membranes, respectively. The Toray membrane which had the lowest
pristine membrane permeability showed a lowest permeability drop, while GE membrane
had the highest drop in permeability of the three. The SEM results revealed more deposit
on the GE membrane surface than that on the Dow and Toray membranes.
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Figure 3. Filtration behavior of different LPRO membranes at 10 bar (wastewater: Bach 4). (a) Flux-
filtrate volume relation, (b) normalized flux-volume relation, and (c) Change in the membrane
resistances after the filtration.

3.4. Membrane Fouling Characterization

Membrane fouling was analyzed using Energy-Dispersive X-ray Spectroscopy (EDS)
coupled with a Scanning Electron Microscope (SEM) to identify the major elements found
on the membrane surface. The SEM/EDS analysis revealed that in the stirred cell filtration,
the fouling layer formed primarily in the center and around the edges of the membrane
with little build up in the areas between the edge and center. The uneven distribution of
fouling layer observed might reflect the effect of distribution of shear force on membrane
fouling. Figure 4 shows the SEM images of the center tips of three membranes (Toray
(Figure 4a-1), GE (Figure 4a-2), DOW (Figure 4a-3) from top to bottom) and the associated
EDS spectrograms. The SEM observation revealed not only differences in the quantities of
foulant but also in the morphology of the fouling layers formed on different commercial
LPRO membranes. The DOW membrane had very little deposit compared to the Toray
and GE membranes. With respect to the morphologies of the fouling layers, the fouling
layers formed on the Toray and GE membrane showed a rough surface structure like
ones resulted from inorganic precipitation, while that formed on the DOW membrane
surface looked more like a gel layer with a smooth and dense surface structure (Figure 4).
This result suggests that the formation of the irreversible membrane fouling was highly
affected by the surface chemistry and physical properties of the LPRO membranes. It can
be postulated that a membrane with a high affinity to organic polymeric compounds, e.g.,
proteins and polysaccharides, could tend to form a gel-like fouling layer, while one with a
low affinity to organic polymeric substances will be mainly susceptible to fouling caused
by inorganic precipitation.
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Figure 4. (a) SEM/EDX images of the fouled LPRO membranes (wastewater: Bach 4), (a-1) Toray
73HA, (a-2) GE AK, and (a-3) DOW XLE; (b) Factions of elements detected by EDX at surfaces of
different used membranes.

The spectrum of EDS shows the weight percent of different elements detected in the
fouling layers as well as their standard deviation. The major elements identified by the
EDS analysis were carbon, oxygen, calcium, fluorine, and phosphorus. The fraction of
carbon element reflects the organic content of the foulant. The fouling layer on the DOW
membrane showed the highest carbon content, followed by those detected on the GE and
Toray membranes. The high carbon content of the foulant on the Dow membrane surface
somehow matches with the morphologic characteristics of the fouling layers revealed
by the SEM images, considering that an increase in the organic content could result in
a smoother or gel-like fouling layer. The high content of oxygen of the foulant could be
related to carbonate and phosphate species, resulting from precipitation of metal ions.
Of the elements found in the fouling layers, calcium stood out as the most significant
element outside of carbon and oxygen. Our previous study identified calcium was the
dominant divalent ion in the UASB effluent tested in this study with a concentration around
128 mg/L [21]. The precipitation of divalent ions is one of the main fouling mechanisms in
RO operation [22,23]. Calcium precipitates formed on the LPRO membranes tested in this
study likely included calcium carbonate (CaCO3) and calcium phosphates (hydroxyapatite
(Ca5(PO4)OH) and fluoroapatite (Ca5(PO4)3F)), considering that C, O, Ca, P and F were
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identified as the main elements of the membrane foulant by the EDS analysis. In addition
to the formation of inorganic precipitates, calcium can also play an important role in the
formation of EPS gel layer [24]. Thus, the SEM/EDS analysis revealed that Ca2+ played
an important role in the formation of membrane fouling layer in the LPRO filtration of
the UASB effluent. It is worth noting that the foulant substances identified in this study
were based on short-term batch filtration experiments. For the long-term operation, the
organic and nutrient substances retained by the LPRO membranes will become nutrient-
rich substrate for biofilm growth, causing membrane biofouling. Therefore, a regular
chemical cleaning is necessary for the real-world application of LPRO membranes for the
treatment of the brewery UASB effluent.

3.5. Water Qualities Achieved by UF-LPRO

Table 3 shows the main water quality parameters obtained in the LPRO membrane
filtration of the UF pre-treated UASB effluent. With the three commercial LPRO membranes,
the COD, TP, and TN concentrations of the LPRO effluents obtained at 10 bars of the
filtration pressure were 10.4 to 12.5 mg/L, 0.7 to 1.2 mg/L, and 1.3 to 2.1 mg/L, respectively.
The LPRO membranes achieved around 95% removal of total COD, 93.1 to 96.0% of
TP removal, and 68.2% to 80.3% TN removal in the treatment of UF-pretreated effluent.
Compared to COD and TP removal, the LPRO membrane showed a relatively lower TN
removal. The main component of TN in the UF treated effluent was NH3-N, which was
reduced from 4 mg/L to concentrations around 1.3 to 1.6 mg/L. The residual COD in the
LPRO effluent might include soluble microbial products (SMP), which mainly consists of
proteins, polysaccharides and humic acids. All three LPRO membranes showed around
95% removal of polysaccharides but exhibited slightly different removal efficiencies for
proteins and humic acids. Toray membranes showed the highest rejection to proteins and
the similar humic acids removal efficiencies with Dow membranes, while GE membrane
showed slightly lower protein and humic acid rejection than other two LPRO membrane
tested (Table 3). Compared to the conventional RO, the LPRO membranes likely have a
slightly lower SMP rejection. Nasseri et al. [25] showed that RO membranes can reject up to
99.3% of humic acids, also noting that those rejected species form a considerable portion of
the organic fouling on RO membranes. The membranes showed 97.2% to 98.6% rejections
of Ca2+ and 97.5% to 98.3% rejections of Mg2+ but lower rejections of Na+ (86.5% to 89.7%)
and K+ (85.2% to 89.4) (Table 3). The high rejection of divalent can in turn encourage the
precipitation of the concentrated constituents on the membrane surface, causing membrane
fouling [26].

It was noted that the operation pressure of LPRO filtration could affect the water
quality of the effluent. When the pressure increased from 3 to 10 bars the concentrations
of TCOD, TP, PO4-P, and Alk (HCO3

−) in the effluent were reduced but the NH4-N
concentration were slightly increased (Table 3). The reduction in the concentrations of
TCOD, TP, and PO4-P in the LPRO effluents could be resulted from the formation of
denser fouling layers at the higher operation pressures, which increased the rejections of
those chemical species. However, the increased concentrations of NH4-N in the effluent at
higher pressures might suggest that the transport of NH4-N through the LPRO membrane
was not limited by the size exclusion effect of the fouling layers but by the concentration
gradient across the membranes. The higher operation pressures increased the concentration
polarization of NH4

+, resulting in a higher concentration gradient or a high driving force
for diffusion of NH4

+ across the LPRO membranes. Nevertheless, it is important to note
the impact of operation pressures on the rejection behavior of LPRO membrane might vary
with chemical species in the feed water.

3.6. Water Qualities Achieved by UF + GAC + LPRO

Activated carbon filters are widely used for water purification, tertial treatment of
secondary effluent, and water reuse. In this study, activated carbon adsorption was
performed to determine the adsorption capacity of activated carbon to remove COD
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species in the UF treated brewery UASB effluent. It was found that the soluble COD
adsorption isotherm can fit into a Freundlich adsorption model: q = 0.0019C2.36

e , where q is
the solid phase concentration (mg/g) and Ce is the liquid phase concentration (mg/L). The
equilibrium test results showed the COD adsorption equilibrium was reached after around
100 h of adsorption.

Table 3. Effluent quality achieved by UF + LPRO processes (Wastewater Batch 4), where COD: Chemical Oxygen Demand;
TP: Total Phosphorus; PO4

—P: Orthophosphate Phosphorus; TN: Total Nitrogen; TKN: Kjeldahl nitrogen; NOx-N: Nitrite
and Nitrate nitrogen; and NH3-N: Ammonia Nitrogen, Alk: Alkalinity.

Parameter RO GE DOW Toray

mg/L Influent 3 Bar 5 Bar 10 Bar 10 Bar 10 Bar

COD 238.0 14.5 (6.6) * 14.0 (1.4) 12.5 (3.5) 11.2 (1.86) 10.4 (1.1)
TP 17.3 3.5 (0.03) 1.5 (0.03) 0.8 (0.01) 0.7 (0.01) 1.2 (0.01)

PO4
3−-P 15.3 3.3 (0.03) 1.3 (0.1) 0.8 (0.01) 0.4 (0.01) 0.9 (0.01)

TN 6.6 1.5 (0.03) 2.1 (0.4) 2.1 (0.03) 1.3 (0.03) 1.8 (0.03)
TKN 6.0 1.4 (0.06) 1.9 (0.4) 1.9 (0.03) 1.2 (0.00) 1.7 (0.04)

NOx-N 0.6 0.1 (0.03) 0.1 (0.01) 0.1 (0.00) 0.1 (0.03) 0.1 (0.01)
NH3-N 4.0 0.0 (0.00) 1.1 (0.01) 1.8 (0.02) 1.8 (0.01) 1.3 (0.01)

Alk (meq/L) 55.6 11.7 (0.3) 6.2 (0.00) 4.1 (0.5) 5.0 (0.02) 4.6 (0.6)
pH 8.5 9.0 (0.01) 8.7 (0.02) 8.5 (0.02) 8.5 (0.03) 8.4 (0.03)
Cl− - - {80.2} ** {72.1} {79.4}
Ca2+ - - {97.6} {98.6} {97.2}

Fe (total) - - {89.4} {89.5} {90.0}
Mg2+ - - {98.1} {98.3} {97.5}

K+ - - {89.4} {85.2} {89.3}
Si (total) - - {89.8} {87.8} {89.7}

Na+ - - {89.7} {86.5} {88.8}
SO4

2− - - {97.5} {97.3} {96.7}
Proteins - - {94.6} {94.0} {98.2}

Humic acid - - {95.6} {97.7} {97.4}
Carbohydrate - - {95.4} {95.6} {95.9}

*: (-) standard deviation. **: {-} removal efficiency (%).

To evaluate the impact of GAC adsorption pretreatment on water quality of the LPRO
effluent, a series of treatments including UF, GAC adsorption, and LPRO filtration were
performed on the UASB effluent with the retention times of the GAC column set at 1 h, 4 h
and 6 h, respectively. Table 4 shows the removal efficiency of GAC column and the water
quality achieved by the UF + GAC + LPRO at different GAC column retention times. As
shown in Table 4, a clear difference was seen between the GAC removal efficiency archived
with the three GAC retention times. The removal of COD ranged from 42.9% for 1 hr of
retention time to 89.4% for 6 hrs of retention time. Similarly, for the 1 h and 6 h retention
times, TP was removed by 39.4% and 63.3%, and TN was removed by 51.5% and 85.6%,
respectively. The COD concentration was reduced to below 10 mg/L, TP below 1 mg/L,
and TN below 0.5 mg/L after the UASB effluent was treated in series by the UF, GAC
and LPRO processes. It was noted that the final water quality of the UF + GAC + LPRO
treatment was insensitive to the GAC retention time. The overall rejection of COD was
95.8%, 96.3% and 96.8% for the 1, 4 and 6 hr GAC retention times, respectively. However,
comparing with the water qualities achieved with UF + LPRO, the addition of the GAC
adsorption between the UF and LPRO reduced the COD, TN and NH3-N concentrations
from 10.4, 2.1 and 1.8 mg/L to lower than 10, 0.3 and 0.0 mg/L, respectively.

In addition to the impact on water quality, it was found that GAC adsorption could
significantly mitigate LPRO membrane fouling. The total resistances in the 24 h LPRO filtra-
tion of the UF effluent treated at GAC retention times of 6, 4, and 1 h were 2.44 × 1012 1/m,
3.15 × 1013 1/m, and 2.18 × 1014 1/m, respectively, indicating that significant reduction in
the LPRO filtration resistance with the increase in the GAC adsorption times. This result
shows that the quantity of constituents removed directly effects the fouling potential of
the wastewater. Activated carbon adsorption also showed a similar impact on membrane
fouling in microfiltration and ultrafiltration filtration. For example, Johir et al. used GAC
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as a suspended media in a submerged membrane bioreactor system and found that the
membrane resistance was greatly reduced by the addition of 2 g/L of GAC [27]. The
effect of GAC adsorption on membrane fouling might suggest that organic components
removed by activated carbon adsorption could have a high potential to bind to the surface
of polymeric membranes, causing serious membrane fouling.

Table 4. GAC column removal efficiency and the effluent quality from UF + GAC + LPRO (wastewa-
ter: Bach 4).

Parameters
GAC Column Removal (%) UF + GAC + LPRO (mg/L)

1 h 4 h 6 h 1 h 4 h 6 h

TCOD 42.9 (2.4) * 68.0 (0.6) 89.4 (0.4) 9.9 (1.9) 8.8 (2.2) 7.5 (4.6)
TP 39.4 (0.4) 61.0 (0.4) 63.3 (0.1) 0.6 (0.01) 0.5 (0.0) 0.4 (0.0)

PO4
3−-P 38.8 (0.1) 60.5 (0.4) 61.7 (0.1) 0.6 (0.01) 0.5 (0.01) 0.4 (0.01)

TN 51.5 (0.6) 62.1 (0.9) 85.6 (6.4) 0.3 (0.2) 0.2 (0.02) 0.2 (0.02)
TKN 48.0 (0.9) 59.8 (0.8) 85.3 (6.7) 0.3 (0.2) 0.2 (0.0) 0.2 (0.02)

NOx-N 86.4 (2.4) 85.6 (1.20) 88.7 (3.2) 0.04 (0.01) 0.03 (0.01) 0.03 (0.0)
NH3-N 71.1 (1.6) 100.0 (0.0) 100.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Alk 18.6 (5.0) 21.6 (0.8) 23.2 (1.4) 4.6 (0.5) 4.4 (0.2) 4.2 (0.03)
* () Standard deviation.

3.7. Water Reuse Potential

One of the main focuses of this study is to assess the water quality of the effluent
from the low-pressure RO experiments. For the treatment of the UASB effluent tested
in this study, the UF, UF + GAC (retention time 4 hrs), UF + LPRO and UF + GAC +
LPRO, respectively, achieved overall COD removal efficiencies of 89.6–93.7%, 94.5–96.7%,
99.3–99.1% and 99.3–99.4%; TN removal efficiencies of 73.0–78.2%, 89.2–97.2%, 97.1–98.2%
and 94.3–99.7%; and TP removal efficiencies of 29.3–46.2%, 77.0–95.4%, 95.9–97.6% and
98.0–98.3%. As shown above, although the UF + GAC processes could achieved close
to 95% or even higher COD, TN and TP removal, its performance could be less stable
comparing to the UF + LPRO and UF + GAC + LPRO processes, specially considering
the fluctuation in water quality of UASB effluent over operation times. Moreover, for the
removal of ionic species in the UASB effluent, the use of LPRO process would be desired to
ensure the concentrations of ionic species to meet the reuse requirement.

To understand the water reuse potential of brewery UASB effluent, the water qualities
achieved by the LPRO processes were compared with various water reuse standards. The
first comparison was made with the suggested reuse standards from the US EPA for both
the once-through cooling and recirculating cooling. The guidelines call for a pH of between
6 and 9, a BOD of less than 30 mg/L, and TSS less than 30 mg/L [28]. The effluents obtained
from the UASB + UF + LPRO and UASB + UF + GAC + LPRO treatment had pHs between
8.4 and 8.8 and the COD between 7.5 and 12.5. All samples showed no TSS in the effluent.
Thus, the effluent obtained from both UASB + UF + LPRO and UASB + UF + GAC + LPRO
can meet the reuse criteria of EPA.

However, the criteria of water reuse for brewery production could exceed the cri-
teria suggested by US EPA water reuse guidelines [6,29]. Braeken et al. [6] suggested
that the most important standards for regenerating brewery wastewater for cooling could
include COD concentrations in the range of 0 to 2 mg/L, Na+ of 0 to 200 mg/L, Cl− of
50–250 mg/L, and pH of 6.5–9.5. Camezzana [29] reported that the water quality param-
eters required by brewers for the steam generation, cooling systems, and pasteurization
could be close to those of ultra-pure water, including pH (5–7), conductivity (<250 µS/cm),
TDS (<130 mg/L), TSS (<0.1 mg/L), turbidity (<0.5 NTU), total alkalinity (34 mg/L), Chlo-
rides (22 mg/L), total hardness (<5 mg/L), calcium (<1.0 mg/L), magnesium (<1.0 mg/L),
sodium (<100 mg/L) and silica (<0.5 mg/L). The water quality obtained in this study by the
UASB + UF + LPRO and UASB + UF + GAC + LPRO failed to meet the strict requirement
of brewery process water suppletion purpose. For example, the final COD levels seen in
LPRO effluent 10–13 mg/L range (7.5–10 mg/L when GAC adsorption was used), which is
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well above the limits for both rinsing and cooling of 2 mg/L [6]. Thus, although the results
obtained in this study showed evidence that the low-pressure RO membranes can produce
effluent to meet the US EPA reuse standards [27], a conversional RO may be required to
meet more strict water quality requirements for brewery production process reuses.

4. Conclusions

The goal of this study was to investigate the performance of LPRO processes for the
treatment and reuse of brewery wastewater UASB effluent. Three different commercially
available low-pressure membranes were chosen and tested for a variety of pretreatment
and operational conditions. Effluent was compared to both US EPA guidelines as well as
requirements taken from industrial case studies. Based on the experiments completed the
following conclusions can be made:

• Low Energy RO membranes with UF pretreatment can treat brewery UASB effluent to
meet US EPA reuse standards for various reuse purposes, but may not meet standards
set by private brewery companies for cooling, steam generation, and rinsing due to
the high conductivity/salt and COD contents of the effluent.

• The short-term filtration studies showed that the flux behavior of the LPRO can be
significantly affected by the operation pressures in the range between 3 and 10 bars.

• The LPRO filtration behavior and the water quality of LPRO membrane can be sig-
nificantly affected by the pretreatment methods. Ultrafiltration is more effective than
microfiltration as a pretreatment process for LPRO operation. A GAC column treat-
ment between the ultrafiltration pretreatment and the LPRO processes can significantly
reduce LPRO membrane fouling and improve the quality of LPRO effluent.

• Calcium precipitates was identified as the main inorganic foulant in the LPRO treat-
ment of the UASB effluent.
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