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Abstract: The construction of ‘hard’ impermeable surfaces in urban areas results in the increased
flow of stormwater runoff and its associated pollutants into downstream receiving waters. Permeable
Pavement Systems (PPS) can help mitigate this. The most common type of PPS in South Africa is
permeable interlocking concrete pavement (PICP), but there is currently insufficient information
available on the relative treatment performance of different PICP designs. This paper describes an
investigation into the performance of ten different PICP systems constructed in the Civil Engineering
Laboratory at the University of Cape Town for the treatment of various nutrients commonly found
in stormwater runoff. It was found that removal efficiencies ranged from 27.5% to 78.7% for
ammonia-nitrogen and from −37% to 11% for orthophosphate-phosphorus; whilst 4% to 20.2% more
nitrite-nitrogen and 160% to 2580% more nitrate-nitrogen were simultaneously added. The presence of
a geotextile resulted in higher ammonia-nitrogen removal efficiencies but also higher nitrate-nitrogen
addition than those cells without—with small differences between various types. The cell with a
permanently wet ‘sump’ had the highest nitrate-nitrogen addition of all. Lower pH results in higher
nitrate-nitrogen concentrations, whilst the electrical conductivity strongly depends on the length of
the periods between rainfall ‘seasons’, decreasing rapidly during wet periods but increasing during
dry periods. Paver type also had a minor impact on nutrient removal.

Keywords: permeable interlocking concrete pavement (PICP); nutrient removal from stormwater;
sustainable drainage systems (SuDS)

1. Introduction

Rapid urbanization in the 21st century has resulted in much land becoming impervious owing to
the construction of roads, parking lots, driveways, and buildings. The traditional approach to urban
drainage is to convey stormwater runoff in pipe and canal networks to the nearest receiving water
bodies as quickly as possible. This, however, leads to increased runoff flows and volumes resulting
in the erosion of watercourses whilst stormwater pollutants, such as heavy metals, hydrocarbons
from motor vehicles, suspended solids, and nutrients, such as nitrogen and phosphorus, cause a
deterioration in water quality. There has been reduced groundwater recharge leading to the dropping
of groundwater tables in some areas [1–4].

In many countries, including South Africa, a more sustainable approach for stormwater
management termed Sustainable Drainage Systems (SuDS)—called Low Impact Development (LID)
in the USA and Water Sensitive Urban Design (WSUD) in Australia—has emerged [3]. As one of
the source controls in SuDS, permeable pavement systems (PPS) offer a potential solution to the
problem of increased surface runoff and decreased stream water quality by promoting the infiltration of
stormwater runoff through the wearing course and some treatment through the underlying aggregate
layers [5]. PPS can be adapted to make an effective stormwater harvesting and storage device for
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fit-for-purpose water re-use [6,7]. Permeable interlocking concrete pavers (PICP) are the most widely
used PPS internationally [8]. They comprise of impervious paving blocks with small permeable joints
filled with a suitable pea-sized (2–5 mm) aggregate (typically ASTM Nos. 8, 89, or 9) accounting
for 5% to 15% of the paver surface area. These joints allow surface water to infiltrate into the
pavement structure [9,10]. Below the paving surface is an open-graded bedding layer of a small-sized
aggregate such as that used between the pavers. The bedding layer may be separated from the lower
layers by a geotextile—although this is controversial. The geotextile is used to prevent the entrance
of fine sediments into the PICP structure and/or provide an environment for bacteria to remove
pollutants [6,11,12]. Below the bedding layer and geotextile (if present) is a sub-base consisting of
an open-graded 20–63 mm aggregate (typically ASTM Nos. 2, 3, or 4). Apart from its usual role in
supporting and distributing vehicle loads, this open-graded sub-base acts as a reservoir temporarily
detaining runoff before slow release through an underdrain or into permeable underlying soils. It also
acts as a pollutant trap. The relatively rapid rate of draining usually keeps the sub-base in an aerobic
state suitable for nitrification [13].

Total suspended solids (TSS), phosphate, ammonia, and nitrate are common pollutants in
stormwater, and many studies, e.g., Collins et al. [14], Drake [15], Huang [16], as well as Tota-Maharaj
and Scholz [17], have attempted to quantitively assess the treatment performance of PPS in removing
them. This appears to depend on various factors such as the type of pavers, the size and condition
of the stone aggregates, the type and location of any geotextile, the type of outlet, and the period
between rain events—but not enough is known about the relative performance of different PICP designs,
particularly as constructed. With respect to construction, the treatment performance of PICP can be
adversely affected by the use of unwashed aggregates in the PICP structure [18]; however, most PICP
installations in South Africa are constructed with unwashed aggregates. There is a difference of opinion
regarding the use of geotextiles in the PICP structure with some studies suggesting that the presence
of geotextile has an adverse effect on the stormwater performance due to clogging [19], while others
recommend its use for the purposes of water quality improvement and maintain that it has no impact
on clogging [20,21]. Collins et al. [14] and Drake [15] evaluated the impact of a submerged zone on
nitrogen removal in PICP but there does not appear to be universal agreement on its benefits.

Dealing with the primary removal mechanisms in turn:

• TSS is primarily removed through mechanical filtration through the surface and base layers of the
PPS and through sedimentation [19]. It is efficiently removed (>80%) by various PPS [22–25];

• The Total Phosphorous (TP) removal mechanisms are primarily chemical sorption and biological
activity [26]. Its removal efficiency thus depends on the adsorption capacity of granular material
within the PICP and the amount of time for various biogeochemical processes to take place.
Many studies have found PICP to be effective in removing TP [17,24], for example, Ball and
Rankin [27] found TP removal of more than 70%. However, Brown and Borst [13] found phosphate
concentrations in PICP and Porous Concrete (PC) effluents that were significantly larger than that
in the influents which suggests that phosphate was leaching from their two sites and recommended
further studies to determine the cause of phosphate leaching;

• According to Huang et al. [16], Total Nitrogen (TN) is thought to be removed by the biological
processes that take place in the void space of pavement structures that are largely associated with
the growth of biofilm which in turn is highly dependent on temperature [17,20]. Huang et al. [28],
however, considered that the environment of the pavement structure may not be suitable for
bio-film growth and thus PICP may not be very effective in removing TN [29]. Collins et al. [30]
showed that the anoxic conditions for denitrification and subsequent nitrogen removal may
not develop in many fast-draining, infiltration-oriented Stormwater Control Measures (SCMs)
such as PICP. Ammonium-nitrogen can be adsorbed to negatively charged sites on the filter
material and then be removed with the sediments, but Collins et al. [30] describes the primary
nitrogen transformation process in PICP as nitrification and filtration of particulate-bound nitrogen
as well as denitrification through an internal anoxic zone—if there is one. Tota-Maharaj and
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Scholz [17] consider that the nutrient removal process in PICP is mainly due to processes such as
nitrification and denitrification as well as biogeochemical degradation, and these processes will
occur predominantly in the wet lower sub-base of the PICP. Collins et al. [14] and Drake et al. [31]
both found the ammonia/ammonium and Total Kjeldahl Nitrogen (TKN) effluent concentrations
from PICP were significantly lower than impervious asphalt runoff concentrations, however, they
also both found that the combined nitrite and nitrate concentrations were significantly higher than
those in impervious asphalt runoff, which might be due to nitrification of ammonia/ammonium
in the PICP. Bean et al. [24] also found that the nitrate and nitrite concentration is higher in
the PICP exfiltrate than in impervious asphalt runoff. Drake [15] evaluated the water quality
from partial-infiltration PPS (PICP and PC) having temporary saturated zones favourable for
denitrification after moderate and large rainfall (i.e., >7 mm), however, the nitrate concentrations
in the effluent were still larger than in the impervious asphalt runoff. Collins et al. [14] found
that a PICP section with an inadvertent sump discharged significantly larger nitrate and nitrite
concentrations than all other PPS tested. Roseen et al. [32] found that the mean dissolved inorganic
nitrogen concentrations (ammonia/ammonium, nitrate, and nitrate) in the effluent from a porous
asphalt (PA) site in New Hampshire were 35% higher than the concentrations in the associated
impervious asphalt runoff. Collins et al. [29] note that the microbial denitrification process is
favoured under anoxic conditions and is driven by electron donors such as carbon, iron, or sulphur;

• Many studies have investigated the impact of a geotextile placed immediately under the bedding
layer in PPS on the removal efficiency of heavy metals, oil, and suspended solids, but very
few on nutrient removal [33]. Tota-Maharaj and Scholz [17] showed that most of the microbial
activity takes place in the vicinity of the geotextile; its presence helps to keep the nitrate-nitrogen
concentration and suspended solids low. Zhao et al. [34] found that non-woven geotextile
membranes provided better hydraulic properties and pollutant removal performance in PA than
when no geotextile was present. Mullaney et al. [32] found that PICP test rigs with an upper-level
geotextile had higher removal rates for cadmium, lead, and zinc than those without.

In a bid to understand the relative impact of different designs on PICP water quality improvement,
this research investigated the relative impact of different types of pavers, the presence or absence of a
geotextile, the use of washed and unwashed aggregates, and the incorporation of a permanent wet zone
in PICP on the removal of TSS and various nutrients (nitrate, nitrite, ammonia and orthophosphate)
commonly found in stormwater runoff, together with the changes in electroconductivity (EC) and pH.
This was determined via controlled laboratory-based experiments with limited verification provided by
water quality measurements carried out on a nearby parking area constructed with PICP—something
that has seldom been done in previous studies.

2. Materials and Methods

2.1. Lab-Scale Test Cells

The laboratory-based experiments were conducted on ten different PICP systems installed in
specially constructed test ‘cells’ in the Civil Engineering Laboratory at the University of Cape Town
(UCT) (Figure 1). Each cell comprised a polyethylene (HDPE) plastic container 1200 mm long, 1100 mm
wide, and 400 mm deep, fitted with a perforated under-drain with the outflow controlled by a valve on
the outlet. The experimental cells generally were filled with a 250 mm sub-base layer of 50–63 mm
aggregate at the bottom, upon which was placed a 100 mm base layer of 19–25 mm aggregate, a 50 mm
layer of 2–6 mm bedding gravel, then finally various proprietary pavers with ‘pea-sized’ gravel
(2–4 mm quartzite/gritstone) placed in between them to provide a flow-path for the surface water.
Some cells had a geotextile between the base and bedding layers while others did not. In some cells,
the aggregate was carefully washed by hand with a brush before installation; others were not. One cell
had a raised outlet to create a permanent wet ‘sump’ at the bottom of the cell. Figure 2 shows a typical
cross-section through the PICP cells whilst Table 1 describes the individual cell designs.
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Figure 1. Permeable interlocking concrete pavement (PICP) test cells (Cell A and Cell F laid with 
Aquaflow® pavers, Cell B, C, D, E, G, H laid with Permealock® pavers, and Cell I and Cell J laid with 
‘traditional’ exposed pavers). 

 
Figure 2. Typical cross-section of the permeable interlocking concrete pavement (PICP) test cells. 

Table 1. Permeable interlocking concrete pavement (PICP) test cell description. 

Cell Pavers Geotextile Aggregate Component Outlet 
A Aquapave® None Washed Base outlet 
B Permealock Fibertex  Unwashed Base outlet 
C Permealock Fibertex  Washed Base outlet  
D Permealock Kaytech bidim  Washed Base outlet 
E Permealock None Washed Base outlet 
F Aquapave® Inbitex  Washed Base outlet 
G Permealock None Unwashed Base outlet 
H Permealock Fibertex  Unwashed Raised outlet 
I Exposed pavers Fibertex  Washed Base outlet  
J Exposed pavers None Washed Base outlet 

  

Figure 1. Permeable interlocking concrete pavement (PICP) test cells (Cell A and Cell F laid with
Aquaflow® pavers, Cell B, C, D, E, G, H laid with Permealock® pavers, and Cell I and Cell J laid with
‘traditional’ exposed pavers).
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Table 1. Permeable interlocking concrete pavement (PICP) test cell description.

Cell Pavers Geotextile Aggregate Component Outlet

A Aquapave® None Washed Base outlet
B Permealock Fibertex Unwashed Base outlet
C Permealock Fibertex Washed Base outlet
D Permealock Kaytech bidim Washed Base outlet
E Permealock None Washed Base outlet
F Aquapave® Inbitex Washed Base outlet
G Permealock None Unwashed Base outlet
H Permealock Fibertex Unwashed Raised outlet
I Exposed pavers Fibertex Washed Base outlet
J Exposed pavers None Washed Base outlet
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2.2. Types of Pavers

Three types of pavers were laid in the PICP experimental cells. They were Aquaflow® and
Permealock® pavers both especially designed for PICP, as well as standard exposed aggregate pavers
laid to create gaps for the water to infiltrate through. The Aquaflow® pavers were 200 × 100 × 80 mm
and had a chamfered slot that provide a passage for the water [35]. The Permealock® pavers were
203 × 102 × 80 mm and were provided with 12 protrusions to separate the pavers from each other for
water ingress [36]. The standard exposed aggregate pavers were 200 × 100 × 70 mm. Figure 3 shows
how the three types of pavers were laid for the PICP test cells.
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Figure 3. Paver types: (a) Aquaflow®; (b) Permealock®; and (c) standard exposed aggregate.

2.3. Types of Geotextile

Three types of geotextile were used in the PICP experimental cells: Fibertex® (non-woven),
Kaytech bidim® (non-woven), and Inbitex (non-woven) [37–39] (Table 1).

2.4. Comparison of Design Features

The impact of each design feature (type of paver, presence or absence of a geotextile of one of three
types, the use of washed and unwashed aggregates (the washing taking place in the laboratory during
PICP construction), and the presence or absence of a permanently wet zone) could be determined
by comparing those PICP cells having one different design feature holding all other design features
constant (Table 2).

Table 2. Determination of the impact of different criteria.

Criteria Different Cells Comparison

Impact of types of pavers Cell A and Cell E (Aquaflow® versus Permealock®); Cell E and Cell J (Permealock® versus
exposed aggregate); Cell A and Cell J (Aquaflow® versus exposed aggregate)

Impact of geotextile Cell A (no geotextile) and
Cell F (Inbitex® geotextile)

Cell E (no geotextile) and
Cell C (Fibertex® geotextile)

and Cell D
(Kaytech bidim® geotextile)

Cell G/Cell J (no geotextile)
and Cell B/Cell I

(Fibertex® geotextile)

Types of geotextile Cell C and Cell D (Fibertex® versus Kaytech bidim®)
Impact of raised outlet

(submerged zone) Cell B (base outlet) and Cell H (raised outlet)

Impact of
unwashed aggregates Cell B (unwashed stones) and Cell C (washed stones)

2.5. Field Test Study Area

Field testing was carried out on the New Engineering Building (NEB) parking lot located on the
UCT upper campus in a bid to verify the laboratory investigations in a more realistic setting.

The NEB parking area was constructed in 2014 and is divided into three separate sections by
ground beams (Figure 4). This was necessary due to the slope of the site, however, it provided an
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opportunity for its use as a test site for the long-term monitoring of the PICP. The highest-lying section
(NEB-I) of the pavement includes an area that was sealed off to provide surface runoff for comparison
with the drainage from the other two sections. The middle section (NEB-B) is a conventional PICP
installation with an Inbitex geotextile installed between the bedding material and the underlying
aggregate. The lowest section (NEB-A) uses the same design as the middle section, but without the
presence of the geotextile. Monitoring chambers were installed at the underdrain outlets to each section
to allow for water quality testing.
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2.6. Test Procedure

The research followed the following steps:

1. Infiltration tests were carried out to determine the infiltration rate of each PICP test cell with the
use of a single ring infiltrometer following the test procedure given by the ASTM C1781: Standard
Test Method for surface infiltration rate of permeable unit pavement systems [40];

2. Each test cell was given an initial flush of 10-liter of clean potable tap water applied with a
watering can. The outflow from each cell was tested to determine the ‘base-line’ water quality
prior to the addition of any external pollutants. The pH, temperature, and EC of the water
discharging from the bottom of each PICP cell were measured in-situ using hand-held probes.
Grab samples were analyzed in the water quality lab for TSS, orthophosphate-phosphorus,
ammonia-nitrogen, nitrite-nitrogen, and nitrate-nitrogen;

3. Each PICP cell was then subjected to multiple ‘seasons’ of accelerated rainfall events using
pre-prepared synthetic stormwater containing suitable soluble pollutants to test their treatment
efficacy. The synthetic stormwater testing was carried out in two distinct phases. In the first
phase, three rainfall seasons were simulated in October 2017, September 2018, and April 2019,
respectively, using water containing the commercial fertilizer ‘Growing Orchid’ at an appropriate
concentration as the pollutant. Each season comprised nine distinct ‘storm’ events that were
applied one per day using a 10-liter watering can onto the surface of experimental cells, with each
PICP cell receiving the same volume of water. The pH, temperature, and EC of the outflow
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were determined for each PICP cell for each rainfall event. Samples were analyzed in the
water laboratory on the first, fifth, and ninth day for the concentrations of ammonia-nitrogen,
nitrite-nitrogen, nitrate-nitrogen, and orthophosphate-phosphorus;

4. The second phase of the research took place in August–September 2019. The use of ‘Growing
Orchid’ [40] as the source of stormwater contamination was abandoned because of problems with
inconsistent nitrogen to phosphorus ratios giving rise to inconsistent influent quality—and thus,
potentially outflow quality. Synthetic stormwater was thus produced in the laboratory by adding
NH4Cl, K2H2PO4, and KNO3 to tap water in carefully measured quantities in a 500-liter tank.
It was applied using a 10-litre watering can as before (Figure 5). Furthermore, instead of applying
stormwater for nine consecutive days without any break—thus, ignoring the possible impact of
dry periods between rainfall events—a new rainfall regime was purposed with intermittent dry
and wet periods to represent the four months of the ‘typical’ Cape Town rainy season—but in
an accelerated 1.5 month period (Table 3). The pH, temperature, and EC of the outflows from
each cell were measured daily, whilst samples were analyzed in the water quality laboratory
for ammonia-nitrogen, nitrite-nitrogen, nitrate-nitrogen, and orthophosphate-phosphorus on a
weekly basis;

5. The flow over and through the NEB parking area was tested during four significant
storm events (i.e., >7 mm) between 2018 and 2019. The pH, temperature, and EC were
tested in-situ using hand-held probes; grab samples were then taken to the water quality
laboratory for measurement of the ammonia-nitrogen, nitrate-nitrogen, nitrite-nitrogen,
and orthophosphate-phosphorus concentrations.

Water 2020, 12, x FOR PEER REVIEW 7 of 19 

 

respectively, using water containing the commercial fertilizer ‘Growing Orchid’ at an 
appropriate concentration as the pollutant. Each season comprised nine distinct ‘storm’ events 
that were applied one per day using a 10-liter watering can onto the surface of experimental 
cells, with each PICP cell receiving the same volume of water. The pH, temperature, and EC of 
the outflow were determined for each PICP cell for each rainfall event. Samples were analyzed 
in the water laboratory on the first, fifth, and ninth day for the concentrations of ammonia-
nitrogen, nitrite-nitrogen, nitrate-nitrogen, and orthophosphate-phosphorus; 

4. The second phase of the research took place in August–September 2019. The use of ‘Growing 
Orchid’ [40] as the source of stormwater contamination was abandoned because of problems 
with inconsistent nitrogen to phosphorus ratios giving rise to inconsistent influent quality—and 
thus, potentially outflow quality. Synthetic stormwater was thus produced in the laboratory by 
adding NH4Cl, K2H2PO4, and KNO3 to tap water in carefully measured quantities in a 500-liter 
tank. It was applied using a 10-litre watering can as before (Figure 5). Furthermore, instead of 
applying stormwater for nine consecutive days without any break—thus, ignoring the possible 
impact of dry periods between rainfall events—a new rainfall regime was purposed with 
intermittent dry and wet periods to represent the four months of the ‘typical’ Cape Town rainy 
season—but in an accelerated 1.5 month period (Table 3). The pH, temperature, and EC of the 
outflows from each cell were measured daily, whilst samples were analyzed in the water quality 
laboratory for ammonia-nitrogen, nitrite-nitrogen, nitrate-nitrogen, and orthophosphate-
phosphorus on a weekly basis; 

5. The flow over and through the NEB parking area was tested during four significant storm events 
(i.e., >7 mm) between 2018 and 2019. The pH, temperature, and EC were tested in-situ using 
hand-held probes; grab samples were then taken to the water quality laboratory for 
measurement of the ammonia-nitrogen, nitrate-nitrogen, nitrite-nitrogen, and orthophosphate-
phosphorus concentrations.  

 
Figure 5. A 500-litre water tank and scale for measuring the mass of the liquid in the watering can. 

  

Figure 5. A 500-litre water tank and scale for measuring the mass of the liquid in the watering can.



Water 2020, 12, 1714 8 of 18

Table 3. August–September 2019 rainfall test schedule (the numbers in bold indicate the day of the
month whilst the numbers in brackets give the rainfall volume (litres) applied to each PICP cell).

August

S M T W T F S

1 2 3
4 5 (0) 6 (23) 7 (0) 8 (0) 9 (0) 10 (0)

11 (0) 12 (28) 13 (10) 14 (13) 15 (15) 16 (14) 17 (33)
18 (0) 19 (7) 20 (10) 21 (0) 22 (0) 23 (14) 24 (28)

September

1 (0) 2 (37) 3 (38) 4 (0) 5 (10) 6 (0) 7 (0)
8 (17) 9 (0) 10 (0) 11 (0) 12 (7) 13 (0) 14 (40)

2.7. Analytical Methods

The following analytical methods were used:

• The pH, temperature, and EC were measured at the outlets of the cells using OHAUS® ST20
pH-temperature and OHAUS® ST20 C-B EC-temperature probes;

• All the other parameters were determined from grab samples analysed in the Civil Engineering
Water Quality Laboratory. The TSS was measured following US EPA Method 160.2:
Total Suspended Solids (TSS) [41]. Thereafter, a Thermo Scientific™ Gallery™ Discrete
Analyzer [42] was used to measure the concentrations of ammonia-nitrogen, nitrate-nitrogen,
nitrite-nitrogen, and orthophosphate-phosphorus through an automated photometric (colorimetric
and enzymatic) analysis. If the samples were not to be tested immediately, they were stored in a
fridge (at 3 ◦C to 5 ◦C) to minimize bacterial activity and phytoplankton growth.

3. Results and Discussion

3.1. Infiltration Test Results

The infiltration rates for all ten experimental cells were uniformly high—ranging between 9900 and
17,600 mm/h, however this will not be discussed here as they merely proved the excellent performance
of the PICP cells and are unlikely to have any impact on the nutrient removal.

3.2. Clean Water Test Results

The clean water test results show all ten PICP cells introduced pollutants (ammonia-nitrogen,
orthophosphate-phosphorus, nitrite-nitrogen, and nitrate-nitrogen) to the system, and these added
pollutants were assumed to come from the aggregate layers in the PICP system (Table 4). This finding
further supports the importance of the using clean aggregates for water quality improvement
through PICP.

Table 4. Clean water test result.

Concentration in Tap Water Mean Concentration in the Effluent

TSS 0 (g) 13.01 (g)
Ammonia-nitrogen 0.01 (mg/L) 0.13 (mg/L)

Orthophosphate-phosphorus 0 (mg/L) 0.47 (mg/L)
Nitrate-nitrogen 0 (mg/L) 7.3 (mg/L)

3.3. Lab Test Results

During the course of Phase 1, it became apparent that the influent pollutant concentrations were
not always consistent, furthermore, the use of two different fertilizer concentrations made it difficult to
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compare influent and effluent pollutant concentrations. Therefore, the samples collected during Phase
1 could only be regarded as indicative and were thus discarded in favour of those obtained from the
Phase 2 testing which are now described.

3.3.1. Ammonia-Nitrogen

Figures 6 and 7 present the ammonia-nitrogen concentrations in the form of box-and-whisker plots
and their variation over time respectively for the discharge from each of the cells upon application of
the synthetic stormwater ‘influent’ with an ammonia-nitrogen concentration of 2 mg/L. The Efficiency
ratio (ER) method was used to calculate the removal efficiency for each pollutant to assess the treatment
performance for the different design of the PICP cells (Equation (1)).

Removal % =
Mean inlet EMC− Mean outlet EMC

Mean inlet EMC
. (1)
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The mean removal efficiency for ammonia-nitrogen ranged from 27.5% to 78.7% whilst the mean
ammonia-nitrogen concentration ranged from 0.1 to 2.68 mg/L. The measurements indicate that the cells
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with Aquaflow® pavers showed better ammonia-nitrogen removal than the other two; the presence of
a geotextile had a positive impact on the removal efficiency of ammonia-nitrogen for all cells with
Fibertex® performing better than Kaytech bidim®; the presence of a submerged zone (raised outlet)
increased the ammonia-nitrogen removal efficiency significantly; and the cell with washed aggregates
had higher ammonia-nitrogen removal efficiencies than the equivalent cell with unwashed aggregates.
The majority of PICP cells showed a decreasing trend in ammonia-nitrogen concentrations over the
test period. The ammonia-nitrogen concentrations, however, tended to ‘bounce’ back to higher values
during dry periods before dropping again during the wetting periods, which could be due to dilution
and/or biological action being facilitated by wet conditions.

3.3.2. Nitrite-Nitrogen

Figures 8 and 9 present the mean nitrite-nitrogen concentrations in the form of box-and-whisker
plots and their variation with time respectively for the discharge from each of the cells upon application
of the synthetic stormwater ‘influent’. Given that there was no nitrite-nitrogen in the influent, this could
only have come about from the oxidation of ammonia to nitrite and nitrate, or from within the
PICP structure itself. The mean nitrite-nitrogen addition for all ten cells ranged from 4 to 20.2%
whilst the mean nitrite-nitrogen concentrations measured from all cells ranged from 0 to 0.43 mg/L.
The measurements indicate that the cells with exposed pavers had less nitrite-nitrogen addition than
the Aquaflow® and Permealock® pavers; cells with a geotextile had less nitrite-nitrogen addition for
most cells except for Cell I; the cell with a Fibertex® geotextile had similar nitrite-nitrogen addition to
Kaytech bidim® geotextile; the presence of a submerged zone (raised outlet) had less nitrite-nitrogen
addition than in those without, but the use of washed or unwashed aggregates did not appear to
have any impact. The concentrations of the nitrites-nitrogen from all cells fluctuated throughout the
testing period which may be related to the intermittent wet and dry periods, but further investigation
is needed to confirm this.
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3.3.3. Nitrate-Nitrogen

Figures 10 and 11 present the mean nitrate-nitrogen concentrations in the form of box-and-whisker
plots and their variation with time, respectively, for the discharge from each of the cells upon application
of the synthetic stormwater ‘influent’ with a nitrate-nitrogen concentration of 0.6 mg/L. It was found
that the nitrate-nitrogen concentrations decreased significantly through the entire testing period,
although most were greater than in the influent.
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The mean nitrate addition for all ten cells ranged from 160% to 2580%, whilst the mean nitrate-nitrogen
concentration from all cells ranged from 0 to 51.3 mg/L. The cells with exposed pavers added less
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nitrate-nitrogen than those with Aquaflow® or Permealock® pavers. The cells with Kaytech bidim®

geotextile added less nitrate-nitrogen than the cells with Fibertex® geotextile. The presence of a geotextile
resulted in higher nitrate-nitrogen addition in most cells. The presence of a submerged zone (raised outlet)
added significant amounts of nitrate-nitrogen compared with the ones without. This may be attributed
to the nitrification process in which ammonia is transformed to nitrate—further supported by the high
ammonia removal rate in the same cell. The nitrate-nitrogen concentrations from the cells with unwashed
aggregates were higher than those from the cells with washed aggregates, which suggests that unwashed
aggregates introduce nitrate-nitrogen into PICP.

The removal of nitrogen is highly dependent on the nitrogen species as well as the oxygen conditions
(aerobic, anaerobic, or anoxic) within the PICP. Ammonia is transformed into nitrate-nitrogen under
aerobic conditions by nitrifying bacteria, or it can be adsorbed to negatively charged sites on the filter
material. Anoxic conditions and an electron donor—such as carbon—are the two essential factors
necessary for denitrification in the treatment systems [43–45].

3.3.4. Orthophosphate-Phosphorus

Figures 12 and 13 illustrate the mean orthophosphate-phosphorus concentration in the form of
box-and-whisker plots and their variation with time respectively for the discharge from each of the cells
upon application of the synthetic stormwater ‘influent’ with an orthophosphate-phosphorus concentration
of 0.8 mg/L. The mean removal efficiency for orthophosphate-phosphorus for all ten cells ranged from
−37% to 11%, and the mean orthophosphate-phosphorus concentration ranged from 0.53 to 1.39 mg/L.
From the measurements, it is hard to say whether the presence of a geotextile had a positive impact
on the removal efficiency of orthophosphate-phosphorus. The cells with Aquaflow® pavers showed
better orthophosphate-phosphorus reduction than the Permealock® or exposed pavers. The cells with a
Kaytech bidim® geotextile performed better than those with a Fibertex® geotextile. The presence of a
submerged zone (raised outlet) added a significant amount of orthophosphate-phosphorus compared
with those cells without. This could be because phosphate is adsorbed by sediments within the submerged
saturated zone that are later released under anoxic conditions. Furthermore, the low oxygen condition in
the submerged zone may cause the mobilization and export of previously particle-bound phosphate from
the filter material [46,47]. The use of unwashed aggregates introduced more orthophosphate-phosphorus
into the system. Nevertheless, most of the cells show a decreasing trend in orthophosphate-phosphorus
concentration. The orthophosphate-phosphorus concentrations, however, tend to ‘bounce’ back to higher
concentrations during dry periods between tests before dropping again during the wet periods, which is
likely due to the dilution effect and/or biological action being facilitated by wet conditions. More data
is needed to fully understand the impact of the dry and wet periods on orthophosphate-phosphorus
concentrations in PICP.

3.3.5. Electroconductivity (EC)

The electrical conductivity drops overall during wet periods, whilst dry periods see a rise
(Figure 14). The drop in wet periods could be because the ions present in the PICP are being diluted or
else the bacterial colonies are only active during wet periods, thereby reducing the ionic strength and
thus a decrease in the EC. Conversely, during dry periods, the ions could become more concentrated
and/or the bacterial colonies could be going into ‘hibernation’ and becoming inactive, resulting in an
increase in EC when stormwater is added. This requires further investigation. The mean EC from all
ten PICP cells ranges from 223 to 478 µS/cm compared with an influent EC of 126 µS/cm. Significantly,
the EC from all PICP cells was higher than the influent, which suggests that the aggregates in the PICP
introduced more ions to the effluent.
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3.3.6. pH

The pH of the discharge from each of the cells ranged between 7.71 and 8.52 compared with 8.3
for the influent. Except for the two cells capped with exposed aggregate pavers, the effluent from the
PICP cells had lower pH than for the influent. This could be because the exposed aggregate pavers
used a higher cement/water ratio in their manufacture than for the other two types. Popovics [48]
and Jennifer et al. [49] indicate that high cement/water ratios tend to result in the leaching of calcium
hydroxide, thus increasing the pH.

The measured pH values fall within the range of 7.6–8.8 for growth of Nitrosomonas and Nitrobacter
which are the bacteria responsible for nitrifying ammonia to nitrite and then to nitrate. The relationship
between the pH and nitrate-nitrogen concentrations in the different cells is presented in Figure 15. It can
be clearly seen that the PICP cell with the highest pH produced the lowest nitrate-nitrogen concentration
in the effluent whilst the PICP cell with the lowest pH produced the highest. This corresponds with the
findings of Collins et al. [14]; Drake at al. [30], and Brown and Borst [13].
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3.4. Field Test Results

3.4.1. Total Suspended Solids (TSS)

As expected, the surface runoff from the impermeable NEB-I section had the highest measured TSS
concentrations—possibly emanating from the surrounding trees and litter on the road. The other two
sections had much lower TSS discharges which demonstrates the excellent TSS removal efficiencies from
PICP systems. NEB-A (with geotextile) discharged lower TSS than NEB-B (without geotextile)—85.5%
versus 77.3% of influent. This is presumably because the presence of geotextile prevents fine particles
from flowing downward into the aggregate layers.

3.4.2. Ammonia-Nitrogen

The surface runoff had a higher ammonia-nitrogen concentration than both PICP sections,
which demonstrates the PICP ammonia-nitrogen removal ability. NEB-A (with geotextile) discharged
less ammonia-nitrogen than NEB-B (without geotextile)—62.1% versus 37.9% of influent. This suggests
that the presence of geotextile has a positive impact on ammonia-nitrogen removal.
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3.4.3. Nitrate-Nitrogen

NEB-A (with geotextile) discharged higher nitrate-nitrogen concentrations than NEB-B (without
geotextile)—168% versus 138.7% of influent. This suggests that the presence of a geotextile results in
higher nitrate-nitrogen which corresponds to what was observed in the laboratory experiments. It also
shows that PICP does not promote nitrate-nitrogen removal as originally thought. The pH range of
7.65–8.32 falls within the range of 7.6–8.8 for growth of Nitrosomonas and Nitrobacter which are the
bacteria responsible for nitrifying ammonium to nitrite and then to nitrate. NEB-A (with geotextile) with
the higher pH values produced lower nitrate-nitrogen concentrations than NEB-B (without geotextile).
This corresponds with the laboratory experiments.

3.4.4. Orthophosphate-Phosphorus

The surface runoff had the highest mean orthophosphate-phosphorus concentrations of all
three test areas, which indicates that PICP has an orthophosphate-phosphorus removal ability.
NEB-A (with geotextile) and NEB-B (without geotextile) had similar orthophosphate-phosphorus
concentrations with NEB-A (with geotextile) being slightly lower than NEB-B (without
geotextile)—50.9% versus 49.1%. It is thus hard to comment on whether the presence of a geotextile
had an impact on the orthophosphate-phosphorus removal in the field study.

4. Conclusions

This investigation examined the relative impact of different designs of PICP (different types
of pavers, the presence of absence of geotextile, the use of washed and unwashed aggregates,
and incorporation of a permanently wet zone) on water quality improvement.

The removal efficiencies of ammonia-nitrogen from synthetic stormwater ranged from 27.5% to
78.7%. It was found that the cells with Aquaflow® pavers had higher ammonia-nitrogen removal
efficiencies than the other two types of pavers; the cell with an Inbitex® geotextile present had a higher
ammonia-nitrogen removal efficiency than the one without; the cells with Fibertex® geotextile had
higher ammonia-nitrogen removal efficiencies than those with Kaytech bidim® geotextile; the cells with
washed aggregates had higher ammonia-nitrogen removal efficiencies than the ones with unwashed
aggregates; and the cell with the raised outlet (creating a ‘sump’ in the underlying stone aggregate)
had the highest ammonia-nitrogen removal efficiency of all.

All the experimental cells appeared to add significant quantities of nitrate-nitrogen with the
nitrate-nitrogen addition ranging from 160% to 2580%, which is probably due to the nitrification
process of ammonia to nitrate. The cells with exposed pavers produced less nitrite-nitrogen and
nitrate-nitrogen addition than the other two types of pavers; the cell with the raised outlet produced
the most nitrate-nitrogen. It was also found that the presence of geotextile has a negative impact on
the nitrate-nitrogen removal efficiencies. When the pH is within the optimum range of 7.6–8.8 for the
growth of nitrifying bacteria, the nitrification process will result in the reduction of ammonia-nitrogen
concentration, and thus, the increase in nitrate-nitrogen concentration. Lower pH results in higher
nitrate-nitrogen concentrations.

The removal efficiencies for orthophosphate-phosphorus ranged from −37% to 11% compared
with the mean of 47.7% removal rate of orthophosphate-phosphorus in other studies. The cells
with Aquaflow® pavers had higher orthophosphate-phosphorus removal efficiencies than the other
two types of pavers; the presence of a geotextile resulted in a higher orthophosphate-phosphorus
removal efficiencies than those without; the cell with Kaytech bidim® geotextile had a higher
orthophosphate-phosphorus removal efficiency than the one with Fibertex® geotextile; the cells with
washed aggregates had a higher orthophosphate-phosphorus removal efficiencies than the ones with
unwashed aggregates. The cell with the raised outlet had the lowest orthophosphate-phosphorus
removal efficiency of all which might be due to the fine particles being slowly washed through the PPS
and desorption due to the lack of useful adsorption sites.



Water 2020, 12, 1714 16 of 18

The electrical conductivity strongly depends on the length of the periods between rainfall ‘seasons’;
it decreases rapidly during wet periods and increases slowly during the dry periods. This could be
because the ions being measured are diluted during wet periods and concentrated during dry periods.
Alternatively, the various bacteria in the cells could be more active during wet periods compared with
dry periods and this might have an impact on the ionic strength. This requires further investigation.

Overall, it may be concluded that whilst PICP is effective in removing ammonia-nitrogen, it is at
the expense of increased nitrite-nitrogen and nitrate-nitrogen. Further research is required on whether
the creation of an anoxic zone coupled with introduction of a suitable electron donor to the PICP could
address this shortcoming.
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