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ABSTRACT

A pilot-scale study investigated the effect of phosphorus addition on a drinking water biofil-
ter used to reduce fouling of an ultrafiltration membrane. Biofiltration without pre-treatment
(BFwp) has been shown to be an effective pre-treatment for the removal of natural organic
matter (NOM) components that cause membrane fouling. However, the river source used in
this study was found to have low phosphorus concentrations that could potentially affect
biofilter biomass levels and NOM biodegradation. The river water source (Saugeen River
located at Walkerton, Ontario, Canada) had a high total organic carbon (4.34–6.61 mg/L) of
primarily humic content, variable turbidity, and seasonal changes in water temperature
(9.7–19.9˚C) as measured over the study period. Phosphorus was added to the biofilter influ-
ent at 0.01 mg P/L, and later at 0.05 mg P/L, over a four-month period. Biofilter activity,
NOM removal, and membrane performance were compared to a control system operating
under identical conditions but without nutrient addition. Filter biomass measured by ATP
and fluorescein diacetate hydrolysis (overall enzyme activity) was stable over time, with no
difference between control and phosphorus-amended biofilters. As well, phosphorus
addition did not improve the removal of NOM fractions, especially biopolymers that are
important for membrane fouling. There was a small initial increase in the removal of dis-
solved organic carbon and humic substances after phosphorus addition, but this effect
diminished over time. The effluent from each biofilter was used to operate an ultrafiltration
membrane system using conditions similar to full scale. Membrane fouling for each experi-
ment was measured over 1.5 d, and operating cycles included 30-min permeation followed
by backwashing/air sparging. Results showed that there was no difference in hydraulically
reversible or irreversible fouling of membranes fed with the effluent from control or phos-
phorus-amended biofilters. It was found that biofilter nutrient feed requirements are likely
site specific, and affected by factors including biomass and NOM characteristics.
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1. Introduction

Biofiltration in drinking water treatment typically
involves slow or rapid filtration using sand, anthracite,
or activated carbon in the absence of chlorine. Biofil-
tration without pre-treatment (i.e. without prior coag-
ulation/flocculation or ozonation), defined as BFWP by
Huck et al. [1], has shown potential as a pre-treatment
for ultrafiltration (UF) membranes. BFWP can reduce
the concentrations of specific fractions of natural
organic matter (NOM) considered responsible for
membrane fouling (e.g. [2]). Fouling continues to be a
major operational challenge associated with mem-
branes, as it increases operating costs and reduces
membrane life. Recent studies to assess factors affect-
ing biomass development and organic fraction
removal provide more insight into biofilter perfor-
mance. For example, biopolymers, which include
polysaccharides and protein-like substances, have
recently been shown to contribute most to fouling of
low pressure polymeric membranes [2–7].

Less is known about biofilter conditions that are
optimal for microbial degradation of membrane fou-
lants. The removal of NOM is typically accomplished
by heterotrophic micro-organisms, which use organic
carbon for biosynthesis and energy, but also require
nitrogen and phosphorus, as well as other elements in
lesser amounts (i.e. S, K, Mg, Ca, Na, Fe, and micronu-
trients). C:N:P ratios of 100:10:1 are typically consid-
ered optimal for microbial growth, likely derived from
the elemental composition of marine phytoplankton
(106:16:1) first determined by Redfield [8]. Based on a
larger number of observations, Sterner et al. [9] pre-
sented an overall stoichiometric ratio for marine and
freshwater environments of 100:12:0.6, but also
showed that this value varied for smaller or regional
data-sets. Others have also shown that C:N:P composi-
tion and requirements for growth will vary between
species and environments (as reviewed by Sardans
et al. [10]). As well, biofilm processes can be affected
by nutrient cycling within the biofilm [11].

In drinking water systems, carbon has typically
been found to be the nutrient that limits microbial
growth. Nitrogen is rarely limiting in water; however,
it has been shown that phosphorus can be the limiting
nutrient in certain natural or treated waters [12–14].
Granger et al. [15], Lauderdale et al. [16], Li et al. [17],
Sang et al. [18], and Yu et al. [19] all found positive
changes in biofilter performance (increased organic
carbon or nitrogen removal, and/or higher biomass
quantity and activity) with the addition of phosphorus
at doses between 0.014 and 0.025 mg P/L. On the
other hand, Vahala et al. [20] found that the addition
of 0.027 mg/L phosphorus to a biofilter influent did

not enhance biofilter performance or biomass growth,
even though the raw water appeared to be phospho-
rus-limited. As phosphorus addition to biofilters has
been shown to improve the removal of organics, the
removal of potential membrane foulants may be
enhanced as well and would result in better perfor-
mance of biofiltration as a membrane pre-treatment.

In a previous phase of this study [7], direct biofil-
tration pre-treatment of a river water (Saugeen River
in southern Ontario, Canada) resulted in 14–68% and
8–55% improvement in the hydraulically irreversible
and reversible fouling rates, respectively, of a UF
membrane, compared to water without pre-treatment.
However, the phosphorus concentration in the source
water used for these experiments was known to be
low [21,22]. Hence, the study was expanded to investi-
gate the effect of phosphorus addition on biofilter
activity and the removal of potential membrane fou-
lants and fouling rates of a UF membrane.

2. Materials and methods

2.1. Water source

Biofilters were fed with untreated water from the
Saugeen River, which is located near Walkerton in
southern Ontario, Canada, within the 908 km2 Lower
Saugeen watershed. The watershed consists primarily
of agricultural land (76%), with 19% forest cover, and
1.2% urban area [23]. Water was collected weekly
from the Saugeen River and transported by tanker
truck to an outdoor 40,000 L tank at the Walkerton
Clean Water Centre. The outdoor storage tank was
maintained at atmospheric temperature with circula-
tion to ensure consistent water quality, but the tank
had a heating system which was automatically acti-
vated when the atmospheric temperature dropped
below 7˚C to prevent freezing. The water was pumped
directly to the biofilters without any pre-treatment (i.e.
no coagulation or ozonation). The maximum retention
time of water in the storage tank was 7 d.

2.2. Experimental setup

A pilot treatment train (Fig. 1) was constructed
and operated at the technology demonstration facility
at the Walkerton Clean Water Centre. The two parallel
dual media biofilters consisted of 5.1 cm diame-
ter × 2.1 m high glass columns (BF1 and BF2). The
media layer consisted of 55 cm of anthracite (effective
size of 1 mm, uniformity coefficient of 1.6) over 25 cm
sand (effective size of 0.5 mm, uniformity coefficient
of 1.5) supported by 15 cm of gravel. The biofilters
were operated at an empty bed contact time (EBCT) of
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10 min, corresponding to a hydraulic loading rate of
5 m/h. They were gravity fed and operated in down-
flow mode. The biofilters were each preceded by a
roughing filter (RF1 and RF2) to minimize the impact
of varying turbidity and particle loads on the biofil-
ters. The roughing filters were constructed of clear
PVC cylinders (10 cm diameter, 23 cm high) contain-
ing two 5 cm layers of gravel (9.5 mm over 5 mm
diameter). Both biofilters were backwashed once per
week using biofilter effluent. The backwash process
included air scour for 1 min to break up media plugs,
followed by 4 min of air-water collapse pulsing. The
water flow was then gradually increased to achieve a
25% bed expansion (1 min) followed by 50% bed
expansion for 4 min after the air scour was stopped.

BF1 and BF2 were operated similarly using Saug-
een River water for the first 10 months of the study
(March 2012–February 2013). Phosphorus addition to
BF2 was then initiated on 4 February 2013, while BF1
was maintained as a control. The period during which
phosphorus was added is the focus of this paper.
K2HPO4 (BDH Chemicals; ASC grade) was dosed con-
tinuously at 0.01 mg P/L into the BF2 influent for 75 d
using a dosing pump (LMI Milton Roy model P021-
35251). The dose was then increased to 0.05 mg P/L
on 19 April 2013 and continued at this level for an
additional 42 d. K2HPO4 stock solutions were pre-
pared in 1 L ultrapure water and autoclaved for
30 min.

For the membrane fouling experiments, a bench-
scale GE Water & Process Technologies (Oakville,
Ontario, Canada) ZeeWeed®-1 polymeric (PVDF) UF
hollow fiber membrane was used. The membrane had
an outside-in configuration with a nominal surface area

of 0.047 m2, nominal pore size of 0.04 μm, and was
operated at a constant flux of 57 L/m2 h (LMH) (tem-
perature corrected to 20˚C). The clean membrane sur-
face was non-ionic and hydrophilic [24]. The membrane
module was mounted in a vertical position in a clear
PVC cylindrical tank and was designed to cycle
automatically using a programmable logic controller
(Allen-Bradley 1760-L18AWA-EX Pico Controller,
Rockwell Automation) as described by El-Hadidy et al.
[4,25]. Each cycle included 30 min of permeation using
a peristaltic pump (Masterflex L/S Easy-Load II pump
head, model 77202-50) followed by a 20 s backwash
with air sparging. At the end of each cycle, the tank
was completely drained and then refilled with fresh
feedwater (40 s). The setup also included a temperature
sensor (Onset HOBO 12-Bit Temperature Smart Sensor),
pressure transducer (Cole-Parmer model 68075-02), and
flow monitor connected to a data logger (Onset HOBO
Energy Logger model H22–001) for continuous mea-
surements during the fouling experiments. The mem-
brane was chemically cleaned between each fouling
experiment by placing it in 200 mg/L NaOCl for 5 h,
followed by 5 g/L citric acid at room temperature for
5 h, and rinsed thoroughly with deionized water
between steps. Before each experiment, the module was
tested for integrity using a pressure calibrator (Meriam
Meri-cal DP2001I) so that the pressure drop through
the membrane was not more than 2 kPa (0.3 psi) over
2 min, as recommended by the manufacturer. Each
experiment was also preceded by a clean water perme-
ability test with deionized water at four different fluxes
(32, 45, 57, 70 LMH) to test for cleaning efficiency. A
detailed description of the methods can be found in
El-Hadidy et al. [4,25].

Fig. 1. Experimental setup schematic.
Notes: RF: roughing filter; S: water sample; Sm: media sample; TMP: transmembrane pressure.
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2.3. Membrane fouling experiments

Membrane fouling experiments were conducted in
batch mode using biofiltered Saugeen River water. To
assess water from each biofilter column separately,
but using the same batch of river water, the run
length was set at 1.5 d or until the target maximum
TMP was reached 55.2 kPa (8 psi). The transmembrane
pressure during the experiments was recorded every
10 s using a data logger. This was later normalized to
20˚C, and fouling rates were calculated using the nor-
malized transmembrane pressure data. Reversible and
irreversible fouling were calculated as described by
El-Hadidy et al. [4]. Briefly, fouling within a backwash
cycle was considered to be due to reversible fouling.
The reversible fouling rate was calculated as the
increase in TMP within each cycle over the perme-
ation time. Irreversible fouling was considered as the
difference in TMP between the start of two consecu-
tive 30-min cycles (after backwash), and the rate was
calculated using the increase in this value over the
permeation time.

2.4. Sampling procedure

Water samples were collected approximately every
two weeks from selected points in the treatment train
including the roughing filter inlet (raw), biofilter influ-
ent approximately 15 cm above the media surface (BF1
and BF2 influent), and biofilter outlets (BF1 and BF2
effluent). From March 2012 to May 2013 (14 months),
the samples were collected for turbidity, pH, tempera-
ture, alkalinity/hardness, UV254, TOC, DOC, and
LC-OCD fraction analysis. Samples for nitrogen com-
pounds and orthophosphorus were collected from
November 2012 to May 2013 (seven months), and for
total phosphorus from April to May 2013 (two
months). After water samples were collected, the fil-
ters were drained and media samples were acquired.
Media samples were collected from three sampling
ports from: (i) the top anthracite layer (8 cm below
media surface), (ii) the mid-anthracite layer (28 cm
below media surface), and (iii) the mid-sand layer
(67 cm below the media surface). Samples from the
mid-sand and mid-anthracite layer were collected
approximately every 2 weeks from March 2012 to May
2013 (14 months), and samples from the top port were
only collected during phosphorus dosing (February–
May 2013). The biofilters were replenished with sand
and anthracite to replace what was removed, and the
columns were backwashed before restarting the
inflow. During the membrane fouling experiments,
water samples were collected after the UF membranes
approximately 1.5 h after membrane permeation was

started and analyzed for turbidity, TOC, DOC, and
NOM fractions. All samples were stored at 4˚C until
analysis.

2.5. Water quality analysis

Phosphorus and nitrogen in raw and biofiltered
water were analyzed by ALS Global Environmental
Laboratory, Waterloo, Ontario, Canada. Total phos-
phorus and orthophosphorus were measured based
on method 4500-P B E [26] and both had method
detection limits (MDLs) of 0.003 mg/L. Nitrate and
nitrite were measured based on US Environmental
Protection Agency (EPA) method 300.0 IC, ammonia
based on EPA method 350.1 and total Kjeldahl nitro-
gen (TKN) based on method 4500-N [26]. Total nitro-
gen concentrations were calculated by adding the
concentrations of nitrate, nitrite, and TKN.

Samples that required filtering were passed
through pre-rinsed 0.45 μm Supor membrane disk fil-
ters (Pall Life Sciences, Mississauga, Ontario, Canada),
and both filtered and unfiltered samples were stored
at 4˚C until analysis. Total and dissolved organic car-
bon (TOC and DOC) were measured by wet oxidation
using an OI-Analytical model 1010 TOC analyzer.
Liquid chromatography-organic carbon detection
(LC-OCD; DOC-Labor, Karlsruhe, Germany) analysis
was employed to measure the concentrations of
the various NOM fractions in water, and the
chromatograms were analyzed using DOC-Labor
ChromCALC software as described by Huber et al.
[27]. LC-OCD separates organic carbon using size
exclusion chromatography into biopolymers (molecu-
lar weight greater than 10 kDa), humic substances,
building blocks (lower molecular weight humics), low-
molecular weight (LMW) acids, and LMW neutrals.
Turbidity was measured using a Hach 2100P Portable
Turbidimeter, and UV254 absorbance was mea-
sured with a Hewlett-Packard UV–vis model 8453
spectrophotometer.

2.6. Biomass analysis

Total ATP was measured using the LuminUltra™
DSA adenosine triphosphate (ATP) test kit (LuminUl-
tra, Fredericton, New Brunswick, Canada). Fluorescein
diacetate (FDA) hydrolysis was measured based on
the method of Green et al. [28]. Briefly, 1 g of media
was added to 50 mL of 60 mM sterile sodium phos-
phate buffer (pH 7.6) containing 0.5 mL of 4.9 mM
FDA, and incubated for 3 h at 37˚C. Fluorescein
production was measured at 490 nm using a
spectrophotometer and compared with a fluorescein
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standard curve. All biofilter biomass and water quality
data are presented graphically, but individual data
points are available from Rahman [29].

3. Results and discussion

3.1. Biofilter feedwater quality

DOC concentrations ranged from 2.73 to 7.03 mg/L
(Table 1). NOM fractions measured using LC-OCD
showed that humic material made up the largest com-
ponent of NOM in the raw river water (54–79% of the
DOC). Other components, including biopolymers and
low-molecular weight acids and neutrals, were present
at lower concentrations (Table 1). Biopolymers, which
are important in membrane fouling, accounted for
2–11% of the total DOC. These values are similar to
those of Croft [30] who also analyzed NOM fractions in
the Saugeen River. Nitrate in the river water was higher
than the other forms of nitrogen and made up 70–90%
(average 82%) of the total nitrogen. Nitrate concentra-
tions were higher at cold temperatures, which is in
agreement with historical data for the Saugeen River
[22]. Nitrite-N remained below the detection limit
(MDL 0.10 mg/L) throughout the test period, and
ammonia-N (MDL 0.05 mg/L) was only detected once
(May 23). TKN, which measures organic nitrogen and
ammonia, was reasonably consistent and ranged

between 0.3 and 0.6 mg/L. Orthophosphorus was low
and typically close to the MDL (0.003 mg/L), with a
peak value of 0.01 mg/L on March 18, and made
up 25–70% of the total phosphorus (average 38%;
std. dev. 17%).

The nutrients available in the biofilter feedwater
were initially assessed using data collected on
November 26, 2012 using DOC, TKN, and orthoP con-
centrations. The elemental molar C:N:P ratio was
found to be 100:10:0.01, and suggested that phospho-
rus concentrations were limiting but nitrogen levels
were not limiting (based on a theoretical C:N:P
requirement of 100:10:1). The average C:N:P ratio of
the raw water during the experimental period
(February to May 2013; n = 10) was 100:8:0.02, show-
ing a similar low phosphorus concentration. Although
the ammonia concentration in the river was low, it is
reasonable to assume that micro-organisms can to
some extent also utilize organic nitrogen for growth in
addition to ammonia [31]. In addition, the river also
had high levels of nitrate, which can also be assimi-
lated by bacteria for growth (e.g. [32]). The biodegrad-
able portion of DOC was not measured in this study,
however, biodegradable dissolved organic matter
(BDOC) has been reported to be typically in the range
of 10–30% of the total DOC in surface waters [33–36].
We can test the most limiting scenario based on these
values by assuming a theoretical BDOC to DOC ratio

Table 1
Raw water quality in the Saugeen River

Parameter Average SDa Range nb Sample period

Turbidity (NTU) 5.66 4.40 0.71–17.9 26 March 2012–May 2013 (14 months)
pH 8.06 0.13 7.76–8.39 31
Temperature (˚C) 17.5 4.08 9.7–23.6 30
Alkalinity (mg/L as CaCO3) 227 21.5 156–256 30
Hardness (mg/L as CaCO3) 327 45.0 200–380 24
UV254 0.13 0.04 0.07–0.24 31
TOC (mg/L) 4.48 1.10 2.85–7.29 31
DOC (mg/L) 4.36 1.09 2.73–7.03 31
Biopolymers (mg/L) 0.13 0.05 0.06–0.26 25
Humic substances (mg/L) 3.03 0.91 1.36–5.06 25
Building blocks (mg/L) 0.47 0.14 0.04–0.77 25
LMW acids (mg/L) 0.01 0.03 NDc–0.11 25
LMW neutrals (mg/L) 0.31 0.08 0.22–0.49 25
Total nitrogen (mg/L) 2.71 0.56 1.92–3.48 11 November 2012–May 2013 (7 months)
Nitrate (mg N/L) 2.24 0.55 1.35–2.94 11
TKN (mg N/L) 0.47 0.09 0.32–0.60 11
Ammonia (mg N/L) 0.03 0.03 <0.02–0.13 11
Orthophosphorus (mg P/L) 0.004 0.003 <0.003–0.010 11
Total phosphorus (mg/L) 0.011 0.004 0.004–0.016 6 April 2013–May 2013

aSD—standard deviation.
bn—sample number.
cND—not detected.

I. Rahman et al. / Desalination and Water Treatment 57 (2016) 25057–25069 25061



of 10%, and under these conditions the phosphorus
level in the Saugeen River during the experimental
period would still be limiting with a C:P ratio of
100:0.2. Bacteria use inorganic soluble phosphorus for
growth, but can also utilize certain dissolved organic
phosphorus compounds for their requirements (e.g.
[37,38]). Total-P concentrations in the Saugeen River
were higher than orthoP values, but the proportion of
total-P that is microbially available is unknown. The
contribution of both organic P and N to meet the
nutrient requirements for optimal biofilter perfor-
mance is an area requiring further research.

3.2. Effect of phosphorus addition on filter biomass

During initial biofilter acclimation, biomass quan-
tity measured using ATP showed a rapid increase in
both the anthracite layer (measured at mid-layer,
28 cm from the media surface) and the lower sand
layer (measure at 67 cm from the media surface) and
reached a steady maximum value after about
2 months (Fig. 2). There was no significant difference
(paired t-test, α = 0.05) in ATP levels between the par-
allel biofilters (BF1 and BF2) during start-up and
steady-state operation. There was a drop in the ATP
values in December 2012, which was more prominent
in BF2 media samples, but the reason for this is
unknown. However, ATP levels recovered quickly
and overall results show that there was little change
in ATP concentrations in the biofilters over time or at
different temperatures. After phosphorus addition
(0.01 mg P/L), there was a small decrease in ATP

levels in BF2 compared to the control filter (BF1).
However, ATP values recovered to those of the con-
trol filter after a month, and there was no significant
difference between BF1 and BF2 when the phosphorus
dose was increased to 0.05 mg P/L.

Microbial activity in the media was also measured
using FDA hydrolysis. The FDA assay has been used
to measure total microbial activity in soil, but is not
often used to measure biofilter activity. This method
provides a measure of overall microbial enzymatic
activity, as FDA can be hydrolyzed by a wide range of
non-specific esterases, proteases, and lipases which are
widespread among micro-organisms [39]. Similar to
ATP, there was a rapid initial increase in FDA hydrol-
ysis activity in the upper anthracite layer, but a lag in
the lower sand media (Fig. 3). FDA hydrolysis pla-
teaued within two months and then remained essen-
tially constant over time and with temperature, and
there was no significant difference between parallel
biofilters (BF1 and BF2) as measured by a paired t-test
(α = 0.05). There was no change in FDA hydrolysis in
BF2 following phosphorus addition (Fig. 3). Others
have shown that FDA hydrolysis was correlated with
ATP and cell density [40]; however, in this study ATP
and FDA hydrolysis were poorly correlated (r = 0–0.5
for different depths and media).

The absence of an effect on biomass quantity and
activity during the four months of phosphorus
enhancement could be attributable to a number of fac-
tors. It is possible that the raw water feeding the
biofilters was not phosphorus limited, and that the
biomass was adapted to grow and function in a low

Fig. 2. Comparison of biomass quantity (as ATP) in biofilter media.
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phosphorus environment, as the river has historically
had low levels of phosphorus. As noted earlier, stan-
dard nutrient ratios may not apply for biofilm sys-
tems, because of recycling of the P within the biofilm.
As well, phosphorus addition may have resulted in
either no change or altered the microbial community
in a way that did not affect ATP or FDA hydrolysis
measurements.

3.3. Effect of phosphorus on NOM removal

In the steady-state operation period before phospho-
rus addition was started in February 2013, DOC
removal by the biofilters ranged from 0 to 12% (Fig. 4),
and removal in BF1 and BF2 was similar on each sam-
ple date (paired t-test; α = 0.05). The removal of biopoly-
mers ranged from 0 to 58% (average 21%), and
removals by BF1 and BF2 were also identical (paired
t-test; α = 0.05) (Fig. 5). Substantial removal of humic
substances by the biofilters was not observed during
the pre-phosphorus-dosing operation (Fig. 6). The con-
centrations of LMW compounds in the raw water were
very low and therefore removals were difficult to
assess, however, overall there was also no significant
difference (paired t-test; α = 0.05) in removal of these
fractions between parallel biofilters (data not shown).

After the addition of 0.01 mg/L-P to BF2, there was
an initial increase in DOC removal (7.2% for BF2, 1.2%
for BF1 control) in four samples collected over the first
month (February–March; Fig. 4). This is especially
important as the DOC removal had previously been
similar (average 4.1% for BF2, 3.7% for BF1 control) for
both biofilters since acclimation (eight months).

However, after one month DOC removal in BF2
dropped back to the level of the control filter (BF1).
Humic substance removal by BF2 was also slightly
higher on the first sample date after phosphorus addi-
tion (Fig. 6), as were UV-absorbing constituents, as
measured by UV absorbance at λ = 254 nm (data not
shown). There was no significant difference in
biopolymer concentration in the effluents of BF1 and
BF2 during the phosphorus dosing period (including
the low and high dose period, n = 10, α = 0.05)
(Fig. 5). Therefore, the increased removal in DOC
immediately after P dosing began was probably asso-
ciated with the humic substances and/or another
DOC fraction and not the biopolymers.

When no changes in biofilter performance were
observed after two months of dosing at 0.01 mg P/L,
the phosphorus concentration was increased to
0.05 mg P/L. DOC, biopolymer and humic substances
removals after dosing at 0.05 mg P/L were similar
in BF1 and BF2 (Figs. 4–6), however a meaningful
statistical significance test during this period could not
be done due to the limited number of data points.
These findings are consistent with those reported by
Vahala et al. [20], who also found no effect of phos-
phorus addition on biofilter TOC removal or activity.
However, other studies have shown improved biofilter
performance following phosphorus addition. Laud-
erdale et al. [16] observed a 75% increase in DOC
removal by GAC biofilters following a P-dose of
0.02 mg/L (P-dosing duration of 6 weeks), and this
corresponded with a 30% increase in ATP. Granger
et al. [15] also showed an 11% increase in DOC
removal and higher ATP levels in GAC/sand and

Fig. 3. Comparison of biomass activity (as FDA hydrolysis) on biofilter media.
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anthracite/sand biofilters following phosphorus addi-
tion. Sang et al. [18] found that phosphorus addition
to biofilters containing a ceramic media resulted in
higher removal of TOC (5.7%) and BDOC (26–30%)
and increased biomass quantity (phospholipids) and
activity (oxygen uptake rate).

By comparing the literature available to date, there
does not appear to be a relationship between influent
organics concentration and its increased removal with
P-dosing. Lauderdale et al. [16], Granger et al. [15], Li
et al. [17] and Sang et al. [18] all found increased
organics removal with phosphorus addition using

influent waters with TOC levels in the range of <2 to
8.5 mg/L, while the same effects were not observed
by Azzeh et al. [41], Vahala et al. [20] and the present
study using influent waters with generally similar
TOC values. As well, temperature does not seem to be
responsible for the difference in results, since both
Granger et al. [15] and Sang et al. [18] showed
increases in biomass and TOC/DOC removal with
phosphorus addition at temperatures similar to those
of the present study (10–20˚C). It would appear that
the effect of phosphorus addition may be site specific,
depending on feedwater characteristics that, in turn,

Fig. 4. DOC concentration in the raw water and BF1 and BF2 effluents.

Fig. 5. Biopolymers in the raw water and biofilter effluents.
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influence the biofilm microbial community. In addi-
tion, it is possible that there are other factors or nutri-
ent limitations that may affect biofilter biomass or
performance. Thus considerable further work remains
to be done to better understand these ecosystems so
that drinking water biofiltration can be effectively
used in a given situation.

3.4. Effect of phosphorus addition on membrane fouling

For the membrane fouling experiments, the efflu-
ent from biofilter 1 or biofilter 2 was used to feed a
UF membrane. Because only one bench-scale UF unit
was available, the fouling experiments with control
(BF1) and P-dosed (BF2) effluent were conducted on
separate days during the same week, using the same
tank load of raw water to keep the water quality as

comparable as possible. Table 2 summarizes the
removal of biopolymers and humic substances by the
UF membrane, calculated by subtracting the concen-
tration in the membrane permeate from that in the
feed. Results show on average very low removal of
humics, similar to that found by Rahman et al. [7]
using the same membrane and source water. Other
studies have also shown that humic substances were
not retained by UF membranes [2,4,6]. Biopolymer
removal was much higher, ranging from 56 to 85%
(Table 2).

The effect of phosphorus addition on irreversible
and reversible fouling rates of UF membranes was
also measured. A typical TMP profile (Fig. 7) for the
experiment done on 23 May shows the increase in
TMP within each 30 min cycle, which is defined as the
reversible fouling rate. Irreversible fouling in this

Fig. 6. Humic substances in the raw water and biofilter effluents.

Table 2
Biopolymer removal by a UF membrane fed with either BF1 or BF2 effluent

Experiment start
date (2013)a Biofilter

Biopolymers Humic substances

UF feed (mg/L) Removed by UF (%) UF feed (mg/L) Removed by UF (%)

4 March BF1 (control) 0.070 67 2.641 −1
7 March BF2 (0.01 P) 0.068 85 2.442 0

18 March BF1 (control) 0.121 73 3.219 1
21 March BF2 (0.01 P) 0.085 76 3.066 0

22 May BF1 (control) 0.080 71 3.029 −8
23 May BF2 (0.05 P) 0.068 74 3.013 0

28 May BF1 (control) 0.068 56 3.631 0
30 May BF2 (0.05 P) 0.059 63 3.469 −4

aExperiments conducted in the same week used the same batch of raw water.
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context is defined as the rate of increase in the non-
backwashable TMP during the full length of the exper-
iment. Because BF1 and BF2 membrane experiments
were conducted on different days, there were slight
variations in feedwater turbidity and biopolymer con-
centration in the membrane feedwater. Thus, although
the experiments in a given week were conducted
using the same batch of water, the use of a paired t-
test to analyze the result is precluded. From Table 3 it
is clear that phosphorus addition did not make an
appreciable change with respect to membrane fouling
rates, and a standard t-test showed no significant dif-
ference for either reversible or irreversible fouling.
Although there were slight variations in feedwater

turbidity, it is unlikely that this affected fouling rates
(an examination of results in Table 3 shows that there
is not a direct relationship between either the reversi-
ble or the irreversible fouling rate and turbidity). It
has been shown previously that turbidity is not
directly related to membrane fouling, although parti-
cles may become associated with organic compounds
and play a role in forming the combined fouling layer
[2,6,42]. An additional set of experiments was done
during the week of 15 May [29], but were affected by
a large change in feedwater turbidity caused by a tem-
porary problem with tank mixing, and therefore these
results were not included. Results of this study were
similar to Azzeh et al. [41], who showed that nitrogen

Fig. 7. Membrane fouling experiment showing the normalized TMP profile over time. Experiment was done using BF2
effluent on 23 May.

Table 3
Fouling of a UF membrane fed with either BF1 (control) or BF2 (P-dosed) effluent

Starting
date
(2013)a

Biofilter effluent (membrane feed) UF membrane

Length of
experiment (h)Biofilter

Biopolymers
(mg/L)

Turbidity
(NTU)

Reversible
fouling
rateb (kPa/h)

Irreversible
fouling
ratec (kPa/h)

4 March BF1 (control) 0.070 2.35 4.33 0.35 29.8
7 March BF2 (0.01 P) 0.068 1.09 3.86 0.33

18 March BF1 (control) 0.121 3.23 6.68 0.88 28.2
21 March BF2 (0.01 P) 0.085 2.94 5.14 0.66

22 May BF1 (control) 0.080 0.80 4.49 0.37 22.9
23 May BF2 (0.05 P) 0.068 0.98 4.13 0.45

28 May BF1 (control) 0.068 0.81 3.65 0.30 24.5
30 May BF2 (0.05 P) 0.059 0.89 3.09 0.36

aExperiments that were conducted in the same week used the same batch of raw water.
bMeasured as the average reversible fouling rate for the total length of each experimental run.
cMeasured as the average irreversible fouling rate per 30 min cycle.
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and phosphorus addition did not improve biopolymer
removal by biofiltration or fouling of a subsequent UF
membrane process.

The data in Table 3 show that, overall, the reversi-
ble fouling rate was slightly lower for BF2 effluent
compared with BF1. This may be due to the slightly
lower concentration of biopolymers in the feedwater
in the second experiment in a given week. It is likely
that this was related to the increased hold time of the
raw water in the storage container and not due to
phosphorus addition, since Fig. 5 showed that phos-
phorus addition did not measurably affect effluent
biopolymer concentration. Irreversible fouling rates,
however, were very close and in fact were slightly
higher for BF2 in two of the four weeks. The rates of
reversible and irreversible fouling were essentially lin-
early related to the biopolymer concentration (Fig. 8)
for both the control (BF1) and phosphorus-enhanced
(BF2) biofilter effluents. These results are similar to
those found previously using the same source water
without phosphorus addition [7]. Other studies have

shown that biopolymer concentration was related to
reversible fouling only [2,4,6] or only to irreversible
fouling [5]. Although beyond the scope of the current
investigation, further investigation would be war-
ranted to elucidate possible reasons for the observed
difference between these studies and the current
research.

4. Conclusions

Results of this study using pilot-scale anthracite–
sand biofilters showed that phosphorus addition did
not affect long-term biofilter performance or mem-
brane fouling. The following conclusions can be made:

(1) After the addition of 0.01 mg/L phosphorus to
an acclimated biofilter, DOC removal increased
by approximately 6% (average) compared to
the control filter during the first 40 d. DOC
removal then returned to that of the control
filter, and did not change over the remaining

(A)

(B)

Fig. 8. Relationship between biopolymer concentration and reversible (A) and irreversible (B) membrane fouling rates.
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experimental period (2.5 months), even when
the phosphorus dose was increased to
0.05 mg/L. There was no significant difference
in biopolymer removal between control and
P-dosed biofilters over the entire study period.

(2) The addition of phosphorus did not change the
biomass quantity (as measured by ATP) or
activity (as measured by FDA hydrolysis) in
the biofilters, even though the raw water
appeared to be phosphorus-limiting.

(3) For this particular water, biofilter phosphorus
addition at doses of 0.01 and 0.05 mg/L did
not improve the hydraulically reversible or
irreversible fouling rate of a downstream UF
membrane. This was expected as the removal
of biopolymers, previously demonstrated to be
important UF foulants, did not change follow-
ing phosphorus addition.

(4) Since the results are in agreement with
some previous investigations on the effect of
P-dosing on biofilter performance, but differ
from others, the study underlines the complex-
ity inherent in biological systems applied to
drinking water. This highlights the need for a
more fundamental understanding of such sys-
tems if they are to be optimally applied in
drinking water treatment.
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