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Abstract

The suitability of stormwater harvested from pervious pavement system
(PPS) structures for reuse purposes was investigated in conditions where
glyphosate-containing herbicides (GCH) are applied as part of PPS
maintenance procedure. The experiment was based on the four-layered
design previously described as detailed in CIRIA C582. Results
indicated indieate that the highest sodium absorption ratio (SAR) of 1.6
recorded in this study, +-6—is was less than that at which loss of
permeability begins to occur and as well as deterioration of matrix
structure. Furthermore, the maximum electrical conductivity (ECw) of
2990 pS cm™!, recorded for 7200 mg L~! concentration was slightly
below the unstable classification range at which salinity preblem
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problems related to water quality eeeurs occur such that the salts
accumulate in the root zone to the extent that crop yields are adversely
affected. However, GCH concentration of 720 mg L' was within
‘exeelent” 'permissible' range while that of 72 mg L' was within
“permissible” 'excellent' range. Current study raises some environmental
concerns owing to the overall impact that GCH at concentrations above
72 mg L1 exerts on the net performance of the organic decomposers,
heavy metal and hydrocarbon release from the system and thus, should
be further investigated. However, effluent from all the test models
including those dosed with high GCH concentration of 7200 mg L™! do
not pose any threat in terms of infiltration or deterioration associated
with salinity although, there are indications that high dosage of the
herbicide could lead to an elevated electrical conductivity of the
recycled water.
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Highlights
1. PPS offers huge potential for stormwater recycling and storage.

2. Environmental concerns over impact of GCH at concentration above
72mg L1

3. No infiltration, permeability or deterioration issues associated with
salinity.

4. High dose of GCH may lead to elevated electrical conductivity of
recycled water.

Introduction

Scarcity of water affects one in three people on every continent of the
globe and this trend is projected to worsen as demand for water continues
to rise as a result of increasing growth in world population, urbanisation,
household and industrial usage (WHO 2014a, 2015). Currently, about 1.1
billion people in the world lack access to safe water due to impacts of
climate change on water resources (WHO 2014b). Water scarcity is no
longer a problem associated with poor countries alone, as the impact of
climate change on water availability is being felt in both developed and
developing countries. For example, in the European Union, there is a
growing concern over problems of water scarcity and drought events due to
long-term imbalances in water supply and availability due to climate
change (Strosser et al. 2012). Also, rising water prices as a result of a 3-
year drought in California, USA, is driving changes in crop choices by
farmers (e.g.from cotton to almonds) and in some cases, abandonment of
some farmlands as well as ereated engendering increased water
competition between farmers and home owners (Bjerga 2014). FAO
(2013) estimates that by 2025, 1800 million people are expected to be
living in countries or regions with ‘absolute’ water scarcity and two thirds
of the world population could be under ‘stress’ conditions or ‘water
stressed’. It 1s therefore necessary to explore alternative water sources to
augment the current shortfall in water supply in order to meet present
needs and ensure sustainable development. While some alternative sources
such as seawater desalination, exploitation of deeper groundwater, and
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more distant surface water reservoirs have been proposed and are being
exploited in some countries, some of these sources are capital intensive
and also have negative environmental impacts such as increased CO,
evolution and release of pollutants into the atmosphere (e.g. during
seawater desalination process). A viable alternative is to enhance efficient
utilisation of water resources, improve conservation through water saving
measures and adopt water reuse procedures as a veritable substitute. While
rainfall is seasonal and increasingly erratic due to climate change,
rainwater i1s mostly wasted during the rainy seasons and
consequently, water scarcity is experienced in dry seasons in the same
areas annually. Hence, water rainwater harvesting has the potential to offer
solution to seasonal water scarcity in some countries particularly for low-
grade domestic uses and agricultural irrigation which accounts for 70 % of
world water consumption. There is a realisation that stormwater is a
resource that offers huge potential to augment water demand particularly
for agricultural uses (Nnadi et al. 2014 ). Wastewater is already being used
for agricultural irrigation in many countries, particularly developing
countries, but there are indications that this practice could be adopted in
developed countries in drought conditions. For example, some farmers
utilised recycled municipal wastewater for drip irrigation of crops as a
response to the recent drought conditions in California, USA (Bjerga
2014). Other harvested water reuse applications include irrigation of
gardens, amenity areas, golf courses, fountains, garden farms, toilet
flushing, and car washing. Sustainable drainage systems (SUDS), such as
pervious pavement system (PPS), offers a potential for stormwater
recycling and storage for these applications (Nnadi et al. 2015). Studies
have shown that the stormwater can be recycled in the PPS to almost
potable water quality in terms of hydrocarbon content and presence of
heavy metals (Bond 1999; Rodriguez-Hernandez et al. 2010), and has
potential for application in irrigation or other uses where the use of potable
quality water is unnecessary (Coupe et al. 2010). Nnadi et al. (2013)
demonstrated that the PPS has the capacity to treat and store stormwater
which could be used as irrigation water whieh that can support the growth
of plants.

PPS are a commonly used component of what is known as Sustainable
Drainage Systems (SUDS) in Europe and as Best Management Practices
(BMPs) in the USA. Pervious pavements can be used to either infiltrate
stormwater directly into the ground or to temporarily store stormwater
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before slow release to a watercourse. As well as controlling the rate and
total volume of stormwater discharge from hard paved urban areas, they
also provide significant improvements in the quality of water discharged or
released into aquifers (Charlesworth et al. 2013). In the UK, the most
common design of PPS is one which incorporates a polyolefin geotextile to
separate the upper granular material (upon which concrete block paving
blocks are laid) and a variety of lower, load bearing and water storage
layers. This geotextile layer has been widely reported to be very important
in the retention of hydrocarbons released from motor vehicles (where PPS
is used as car park surface) and in encouraging the development of an oil
degrading biofilm (Bond 1999 ; Newman et al. 2006 ; Rodriguez-
Hernandez et al. 2010). In order to provide water harvesting capacity, this
design may incorporate an underdrain system or an underlying reservoir
tank for water storage for irrigation of landscaped areas such as parks,
hotel parking lots, shopping plazas, residential buildings and estates. It
may also be used for creation of water features and children’s parks. With
increasing number of landscaped areas in the UK and other developed parts
of the world, this approach offers sustainable solution to water demand;
especially, during dry periods for horticultural and garden crops which are
usually planted in these areas. In London, for instance, approximately two
thirds of front gardens have been paved over mainly for off-road vehicular
parking (London Assembly 2005). Likewise, there was has been an
increase in the development of impermeable surfaces on the front gardens
in a sub-urban area of Leeds due to urban creep by up to 13 % (Perry and
Nawz 2008) Also, there is #ereased increasing demand for landscaped
lawns and gardens in hotels in dry-eeuntries some holiday destinations by
tourists who expect similar circumstances as obtainable in their home
countries. This has not only increased the construction of these features;
but, also put pressure on scarce water resources to maintain them
especially in dry seasons. Hence, utilising the landscaped areas for water
rainwater harvesting would not only provide water for irrigation of
horticultural crops, lawns, and gardens as stated earlier, but would offer
opportunity for low-grade applications such as toilet flushing and clothes
washing. In the current study, the authors investigated the feasibility of
harvesting stormwater from a surface landscaped with PPS to irrigate
edible crops in gardens or green roofs and to irrigate horticultural crops in
landscaped areas, e.g. hotels and public buildings, irrigation to golf
courses, recreational parks, sports fields (e.g. football and rugby pitches).
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However, when these PPS are installed, they are also subject to routine
maintenance protocol which includes weed control. Glyphosate-containing
herbicides (GCH) are the most widely used herbicide for weed control on
hard surfaces in the world (Kempenaar 2010 ; Kolpin et al. 2006;
Kristoffersen et al. 2008 ; Woodburn 2000 ). Herbicides have frequently
been detected in excess of the EU maximum allowable concentration limit
(EU MAC) of 0.1 pg/L for individual herbicide in the UK (Ramwell et al.
2004 ), Netherlands (Kempenaar et al. 2006), Belgium, Denmark, France,
and Germany (European Environment Agency 2003 ). Mbanaso et al.
26423 (2013) demonstrated that the presence of GCH increases the risk of
pollutants (such as heavy metals, hydrocarbons, particulates) in the effluent
water and negatively affects the diversity of microorganisms required for
optimal biodegradation of pollutants. While Nnadi et al. (2014 ) has shown
that the PPS can treat stormwater to irrigation water quality and that the
void spaces in the PPS structure offers huge potential for water storage,
there is no study till date to indicate whether the use of herbicides such as
GCH for weed control in PPS landscaped areas alters the irrigation water
quality and renders other reuse applications ebjeetionable unacceptable.
Currently, there is Pue-te paucity of data on water quality from PPS
installations which have been subjected to herbicides sprays; especially, in
urban environments; as there are no previous studies to ascertain the
suitability of effluent from these structures for reuse applications. The
overall aim of this research s was to determine the suitability of
stormwater recycled in PPS structures for irrigation in conditions

whereby where herbicides such as GCH are applied as part of PPS
maintenance procedure. This is particularly important as Mbanaso et al.
(2013) demonstrated that the toxicity of GCH to indigenous protozoan
community in the PPS at-GEH-weed-contrel-conecentrations significantly
disterted affected the ecosystem of the PPS; which is essential for
peHutant pollutants removal funetion efficiency. Furthermore, previous
studies on PPS did not consider the potential impact of application of
herbicides as part of PPS maintenance strategy and hence, did not test for
it.

Methodology

The test models used were the 0.0484 m? test rigs detailed previously
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(Coupe 2004) based on the four-layered design described by Pratt (1989)
as detailed in CIRIA C582 (Pratt et al. 2002). The schematic diagram of

the test models are as shown in Fig. 1. The summary of the experimental

set-up and analyses carried out is presented in Table 1.

Schematic of the four-layered design of the PPS
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Table 1

Test .
model Rigs
1 Oil + GCH
(GCH1) (7200 mg/L)
2 Oil + GCH
(GCH2) (720 mg/L)

Contaminants

Used oil and
GCH added on
weekly basis

Analyses

After physical examination of
effluent, it was analysed for
indication of microbial respiration
using CO, evolution (Pratt et al.
1999); effluent quality using
protists (Coupe and Smith 2006 );
elemental concentration using ICP-
OES (Newman et al. 2011);
Hydrocarbon concentration using
infrared spectroscopy (Coupe
2004 ); hydrogen ion concentration
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to applicable using Fisherbrand Hydrus 300 pH

rigs followed  metre (Mercer and Frostick 2012);
3 0il + GCH by rainfall effluent turbidity using an ELE
(GCH3) (72 mg/L) events turbidity metre, EL430 (Pritchard

& et al. 2009); Electrical
Conductivity using Conductivity
metre (PTI-8 digital conductivity
metre) (Nnadi 2009); and
4 . statistical analysis using General
(Control) Oil only Linear Model (univariate) on SPSS
and Tukey’s HSD

Addition of contaminants

The contaminants which were considered in this study were automobile-
used engine oil and a proprietary GCH. The used engine oil was added to
the concentric area of the rig surfaces using a calibrated pipette as
determined by a dice which was randomly thrown on the rig surfaces. The
derived average oil loading based on a literature is 9.27 g m 2 year !,
equivalent to 178 mg m 2 week ! (Bond 1999). This equates to an oil

2

application of 1.78 mg m 2 week ~! for the rig whose contaminant and

rainfall application area is 0.01 m? as shown in Fig. 1.

There are several proprietary GCHs available at concentrations ranging
from 3600 to 8400 mg L ! glyphosate active ingredient. However, a
glyphosate concentration of 7200 mg L™! was the most common as it was
the concentration most stocked by sales outlets and thus, was the
concentration used. The commercial GCH formulation used was added
using a trigger gun. Approximately 10 mL of the proprietary GCH was
sprayed over the test area of the specified rigs on a weekly basis. After
application, the rigs were then left for 1 h for the contaminants to infiltrate
into the rigs followed by a rainfall event (Mbanaso et al. 2014).

Simulation of rainfall

Previous studies (Brownstein 1998 ; Bond 1999 ; Newman et al. 2006 ;
Nnadi et al. 2012 ; Mbanaso et al. 2014 ) considered gentle rainfall regime
of 13 mm to represent a typical ‘rain event’ and this regime was adopted
for this study. Deionised water was applied to the rig surfaces by placing a
plastic bowl, with 2-mm-diametre holes drilled at 5-mm spaced intervals,
over the rig surface and filling with water. The reasons for the choice of
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deionised water for simulated rainwater include the following:

* Since deionised water has had mineral ions removed, the effects of
contaminant application with respect to cations (e.g. sodium, calcium,
iron, and copper) and anions (e.g. chloride and sulphate) are clearly
discerned.

* As high-purity water, deionised water does not contain organic carbon
or inorganic nutrients thereby allowing for actual evaluation of
nutrient sources for microbial sustenance.

* Deionised water is readily available in the laboratory and of consistent
quality.

Discharged samples from the drainage points were collected after 2 h to
allow a representative sample to drain through. A separate sample was
taken 1 h before the scheduled contamination and rainfall addition, to
determine the extent of protist growth in the days following the previous
contamination event.

Analysis

The following analyses were carried out once effluent samples were
collected: physical examination of effluent, microscopic examinations for
eukaryotes, metal concentration, hydrocarbon analysis, pH and turbidity of
effluent. For statistical analysis of data, general linear model (univariate)
on SPSS was used for the analysis of variance (ANOVA) while multiple
comparisons of data sets were done by post hoc tests (Tukey’s honestly
significant difference).

Physical examination

The effluent samples were examined for colour differences, particulates,
and sediments as well as other physical properties.

Microscopic examination for eukaryotes

A light microscope and Haemocytometre were used for enumeration and
identification of protists (Coupe et al. 2003). Using a pipette, effluent
samples were dropped onto a glass slide or counting chamber and observed
at x100—x1000 magnification using a Leica CME microscope.
Identification was done as previously described (Lee et al. 2000 ; Patterson
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1992).

Metal concentration in the effluent

Optical emission spectrometry was employed for the determination of the
metal concentrations using an inductively coupled plasma optical emission
spectrometry (ICP-OES) Optima 5300DV©O (Newman et al. 2011)
supplied by PerkinElmer, USA. This equipment was calibrated using
analytical grade standards supplied by Fisher Scientific, UK. From the
cation data, the ratio of sodium ion to that of calcium and magnesium, i.e.
sodium absorption ratio (SAR), was determined as in Suarez et al. (2006);
deHayr and Gorden (2006).

Total hydrocarbon content

This was achieved by infrared spectroscopy using a Horiba OCMA 310
analyser (Nnadi 2009) which was supplied by Q Instrument Services Ltd.,
UK. This involves the use of trichlorotrifluoroethylene solvent (S-316) to
extract the oil components from samples which are then measured using
infrared spectroscopy. Equipment detection limit is in the range 0—

200 mg L', Equipment calibration was achieved by combining the
standard and S-316 solvent in a 2:1 ratio.

Potential of hydrogen (pH)

Fisherbrand Hydrus 300 pH metre manufactured by Orion Research Inc.,
USA, was used for pH measurement (Mercer and Frostick 2012).
Equipment calibration was carried out using pH 4.00 and pH 7.00 buffers.

Effluent turbidity

The turbidity of the effluent samples were measured using an ELE
turbidity metre, EL430 (Pritchard et al. 2009 ), manufactured by ELE
International Limited, UK. Equipment calibration was achieved using 4000
TU standards.

Electrical conductivity

The changes to electrical conductivity of water (ECw) were determined by
the use of calibrated PTI-8 digital conductivity metre supplied by
Scientific Industries International Inc., UK, as previously described
(Jambrak et al. 2008).
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Further water quality assessments were carried out by determining the
sodium absorption ratio (SAR) and Electrical conductivity of the effluent
(EC,). The SAR and EC, are water quality parameters which are of
paramount significance when considering recycling for irrigation purposes
(Nnadi et al. 2013). Although there are other parameters such as soluble
sodium percentage (SSP), exchangeable sodium percentage (ESP),
magnesium hazards (MH), the characteristics of water which are of vital
importance in determining its suitability for irrigation purposes include the
following:

* The SAR which is the relative proportion of sodium to calcium and
magnesium ion concentrations (Ashraf and Harris 2004 ; Al-Shammiri
et al. 2005; Nnadi et al. 2008),

* An assessment of impact of irrigation water on soil structure based on
electrical conductivity (EC,) and SAR (deHayr and Gorden 2006),

» The aggregate of the concentration of soluble salts (Nnadi et al.
2013),

The SAR, calculated in milliequivalent per liter (meq/L) was computed
from the following equation:

[NaJr] 1
V3([Ca* ] + [Mg*])

SAR =

deHayr and Gorden (2006)

The ECw, often referred to as a specific conductance or salinity of
irrigation water 1s an indirect measure of ions or charged particles present
in the water using an electrode (Bauder et al. 2008). The classification of
irrigation water based on ECw is presented in Table 2.

Table 2

Classification of irrigation water based on ECw (Bauder et al. 2008)

Classes of irrigation EC,, Maximum concentration from test

water (pS/cm) models
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Excellent <250 GCH3 and Control models
Good 250-750 -

Permissible 760-2000 GCH2 model

Doubtful 2010-3000 GCHI model

Unstable >3000 —

Results and discussion

Physical examination

Effluent samples from rigs to which GCH was applied had varying degrees
of cloudiness depending on the concentration of applied GCH while
samples from the control rigs were clear and devoid of sediments.
Accordingly, the erder scale of cloudiness was in the following order:
GCH1 > GCH2 > GCH3. Similar trend ef+intensity was also observed in
terms of observable oil sheen as well as foam formation when agitated. The
presence of cloudiness, oil sheen and feaming foam especially in samples
with high concentration of GCH indicate potential for leaching down to
aquifers and surface waters after its application on the PPS. Although GCH
is claimed to adsorb strongly onto soil particles (Borggaard 2011 ; Mamy
et al. 2008 ; Andrea et al. 2003) thereby preventing leaching potential, the
loosely packed PPS aggregates (with voids) may have facilitated the
infiltration of GCH and hydrocarbons through the rig structure with
potential risk to ground and surface water systems.

Microscopic examination of protists

The effect of different concentrations of GCH on the protist community
varied with concentration of the formulation as shown in Fig. 2.
Enumeration commenced in week 6 which was the first day of
contaminants addition when presence of organisms was observed.

Fig. 2
Mean number of protists in effluent from test rigs. Peak heights indicate
protists growth level prior to contaminants addition. The standard deviation

of the triplicate measurements was low in many cases, hence, error bars are
not visible
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GCHI1 had the most adverse effect on the microorganisms as their
population was instantly wiped out as there were virtually no observable
living organisms which could be sighted using the microscope. However,
the protist community recovered after 7 days with growth levels averaging
more than double of those of GCH 2 models and five times more than
those of GCH 3.

Furthermore, protists in GCH 2 models experienced similar catastrophic
impact as those of GCH 1 models but their population after the 7 days
recovery period was far less than those of GCH1. A significant difference
exists between GCH2 and GCH3 models in terms of post-contamination
population of protists (p <0.05). But the growth levels in GCH3 and
control models were relatively identical and was were characterised by less
fluctuation in development trend when compared with those of GCH1 and
GCH2. The major protists found in the models after the addition of
contaminants were the ciliates and the flagellates as they were present in
relatively high numbers especially in GCH3 models which happened to
have accommodated the highest number of protist taxa.

The presence of protists in wastewater treatment systems is important as
they promote ecosystem balance. Biotic components in wastewater
treatment processes are represented by decomposers (bacteria, fungi) and
consumers (protists and small metazoans) (Papadimitriou et al. 2004 ).
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These components are used in treatment systems such as activated sludges
where sewage and industrial wastewaters are treated using air and a
biological floc composed of bacteria and protists. Protists play a key role
in the sedimentation process by removal of the dispersed bacteria through
grazing, which otherwise may cause high effluent turbidity associated with
water-borne diseases (Nicolau et al. 2001). Their relative presence can be
used as an indicator of effluent quality (Salvado et al. 1995; Curds 1982).
Effluent (water) discharged from a PPS or stored in the system for reuse
has also been identified as a potential source of water for irrigation and
other uses, where highly treated potable water may not be required (Nnadi
et al. 2009). However, in the present study where GCH was added,
concentrations of 7200 and 720 mg L™ were toxic to the protist
community due to catastrophic impacts while concentration of 72 mg L™
showed minimal impacts as some of the morphological groups were
accommodated. Obviously, this raises some environmental concerns owing
to the overall impact this will exert on the net performance of the
decomposers as, according to Beck et al. (1989), decomposition of
pollutants may be delayed by at least 39 % (18 months).

Metal concentration in the effluent

Heavy metal analyses of the effluent samples from the test rigs indicate
that they did not exceed the regulatory limits (i.e. FAO, US EPA limits
etc.) except for those of Mg (Table 3).

Table 3

Elemental analysis of rig effluent (maximum concentrations obtained) in comparis
different international standards (where ngv represents no guideline value)

Maximum concentration (mg L_l)

Rigs

Al‘Ca‘Cd

K ‘ Mg ‘ Na ‘ Zn ‘ Fe ‘ Cu
GCH1 0.050 98.1 0.003 566.8 11.7 36.11 2.077 0.348 0.145
GCH2 0.013 108.9 0.001 1749 10.1 3297 1.093 0.178 0.090
GCH3 0.008 37.9 0.001 14.0 34 1490 0.143 0.037 0.024
Control  0.010 33.7 0.001 14.6 3.8 14.27 0.101 0.031 0.021

FAO

limits?® 5.0 ngv 0.01 ngv 0.2 ngv 2.0 ngv 0.2

US EPA
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limits® 5.0 ngv 0.0l ngv 02 ngv 2.0 5.0 0.2

Standard

limitse 5.0 ngv 0.01 ngv ngv  ngv <0.05 5.0 0.2

'FAO (2008)
2US EPA (2012)
3Al-Shammiri et al. (2005)

Some authors (e.g. Landschoot 2014 ; Duncan et al. 2000)

recommend recommended that magnesium concentration in irrigation
water between 10 and 25 mg L™! is normal for irrigation purposes and will
not have any negative effect on plant growth and soil structure. While
Spectrum (2008) considers magnesium concentration between 9 and

16 mg L™ ! to be low for irrigation purposes, Bailey et al. (1999)
recommended that a concentration range between 0 and 24 mg L™ ' is a
normal range for irrigation water quality. Thus, the maximum
concentration of 11.7 mg L™! found in GCH1 models in this study is within
the recommended range and therefore suitable for use in irrigation
applications.

The SAR of effluent samples from the test rigs throughout the duration of
the experiment is presented in Fig. 2 3 while the ECw is presented in

Fig. 34 . When SAR of water is >9, it is an indication of permeability
problems (Harivandi 1982) and may limit infiltration of water (Warrence
et al. 2003). The highest SAR recorded in this experiment was 1.6 by
GCH1 while GCH2 and GCH3 were 1.0 and 0.8, respectively. Control
model recorded a maximum value of 0.7 in the 14th week. Relatively high
SAR values can cause infiltration problems as the infiltration rate of water
may be reduced (Horneck et al. 2007), deterioration of matrix structure
and reduction of permeability (Oster and Shainberg 2001 ). High salinity in
the root zone can make it difficult for roots to extract water thus, causing
reduction in crop yield. Osmotic potential may also be increased thereby
triggering water movement from areas of low salt concentration (e.g. plant
tissue) to areas of high salt concentration (e.g. soil, PPS) which may cause
plants to wilt or die (Halliwell et al. 2001 ). While studying the effects of
treating domestic wastewater, Patterson (1994 ) observed loss of
permeability at SAR value of 3 although, the universally accepted level
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above which permeability and structural stability may occur is at SAR
value of 6 (Suarez et al. 2006; Oster et al. 1992) while, Anzeec (2000)
suggests SAR value of 8 as the higher limit for irrigation of non-tolerant
plants. In the present study, effluent SAR from all the test rigs during the
14-week duration-ofthe experiment did not exceed 7 2 . This is less than
the value at which loss of permeability begins to occur (Patterson 1994 ) as
well as the universally accepted SAR value of 6. This demonstrates that the
effluent from all the test models including those dosed with high GCH
concentration of 7.2 g L™! do not pose any threat in terms of infiltration,
permeability or deterioration associated with salinity. Therefore, PPS
exposed to GCH during weed control has the capacity to treat and recycle
stormwater for reuse in agricultural irrigation.

Fig. 3

Effluent SAR of the different concentrations of GCH. GCH1 = 7200 mg L/,
GCH2=720 mg L ! and GCH3=72mg L !
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The maximum ECw values recorded during post-contamination phase of
the study for GCH1 and GCH2 were 2990 and 1152 puS cm™!, respectively,
while 187 uS cm™ ! was recorded for GCH3 model (Fig. 4). ECw measures
the ability of the effluent solution to conduct electricity and as a measure
of dissolved salts in effluent. Since pure water is a poor conductor of
electricity, increases in soluble salts result in proportional increases in the
solution EC (Sonan et al. 2012). Different crops have different degrees of
tolerance to salinity—while some are adversely affected at low ECw (i.e.
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low salt concentrations), others experience no impacts even at higher ECw
(high salt concentrations). For instance, at EC of 8000 uS cm ™!, there is no
adverse impact on barley yield whereas, at EC of 1800 uS cm ™!, yield of
strawberries s-expeeted-te may be reduced by 25 % (Horneck et al. 2007).

I recorded

In the current study, the maximum ECw value of 2990 uS cm™
for GCH1, was slightly below the unstable classification range (Table 2).
While GCH3 was within ‘excellent’ range (187 pS cm ™), GCH2 was
within ‘permissible’ range (1152 uS cm ™). However, GCHI was within
range of environmental concern due to proximity to unstable region and,
should therefore be closely monitored. This has become necessary
especially, in temperate countries where use of salts for de-icing activities
during winter is likely to increase the concentration of salts on PPS
structures. This also applies to coastal environments where ‘salty rain’ is

prevalent.

Fig. 4

Mean electrical conductivity of effluent. Error bars represent the mean +
S.E. of three replicates. GCH1=7200 mg L~!, GCH2=720 mg L! and
GCH3=72mgL !
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However, Bauder et al. (2011) observed that the potential soil infiltration
and permeability problems arising from the use of irrigation water with
high SAR cannot be sufficiently evaluated on the basis of the SAR alone.
This is due to the fact that the swelling potential found in water with low
ECw is greater than that found in water with high ECw at the same sodium
content. Thus, they recommended that a more accurate evaluation of the
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infiltration/ permeability hazard requires the use of ECw together with the
SAR.

Based on studies carried out with soils in India, Gupta (1994 ) classified all
waters with ECw <2000 pS cm™ ! and SAR <10 as good for irrigation.
Ayers and Westcot (1985) noted that at ECw = 1000 pS cm™!, there is no
impact on infiltration when SAR <3 but, a severe reduction occur when
SAR >13 while, at ECw =2000 uS cm !, no impacts when SAR <3 but, a
severe reduction when SAR >21. According to Oster et al. (1992),
infiltration problems are unlikely to occur at SAR between 3 and 6 when
ECw >1000 pS cm ! but, likely when ECw <400 uS cm™ . From the
forgoing, it is eenfirmatory evident that the effluent from all the models
are suitable for irrigation purposes although those of GCH1 rigs should be
closely monitored due to high ECw values recorded.

Total hydrocarbon content

The result of the hydrocarbon analysis (Fig. 5) indicated that GCH had the
capacity to wash out hydrocarbons from the rig system as different
concentrations of GCH distorted the usual trapping of hydrocarbons (up to
98.7 %) by the geotextile (Bond 1999 ; Coupe 2004 ; Newman et al. 2001)
by releasing oil through the rigs. This changed the operation of the PPS
system although the impact was minimal in the lower concentration
models.

Fig. 5

Total hydrocarbon content: Weeks 1 to 5 were to establish background.
Contaminants were added in Week 6 followed by weekly additions. Error
bars represent the mean = S.E. of three replicates. Hydrocarbon was below
detection limits from weeks 1 to 5 in all treatments except in control rigs
where it was below detection limits throughout. GCHI =7200 mg L,
GCH2=720mg L' and GCH3=72mg L !
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The three concentrations of GCH negatively impacted hydrocarbon
retention as-e#t and the implication of this is that there is a potential for
contamination of water systems once they are released. The design of the
PPS with incorporated geotextile fibre is to ensure that contaminants such
as hydrocarbons are trapped on its surface and preyed upon by microbes
able to utilise it as nutrient source for growth and metabolism. However,
the present study indicates that the surfactants incorporated in GCH
distorted this function although hydrocarbon release was minimal at lower
concentrations of GCH. This suggests that there might be need to
reappraise the concentration of GEH readily available GCH and reconsider
the current trend where arbitrary concentrations of GCH are made
avatable commercially available.

Potential of hydrogen (pH)

The pH of the treatments showed a general reduction in initial alkalinity
(Fig. 6). The potency of hydrogen (pH) in an environment is a very
important parameter as its concentration can influence or alter the reaction
or equilibrium mechanism. The pH has been identified as an environmental
factor which can modify the toxicity of pesticides (Fisher 1990; Howe et
al. 1994). The pH of soils determines the ionisation of glyphosate (Mamy
and Barriuso 2005) and it is also a key variable in the determination of
glyphosate adsorption (Morillo et al. 2000). In adsorption studies, pH has
been found to be a vital parameter in the determination of adsorption
capacity and trend of solutes and solutions. In the case of GCH, it has
generally been found that glyphosate adsorption varies inversely with the
pH of the system or environment (McConnell and Hossner 1985 ; Morillo
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etal. 1997; Day et al. 1997) as GCH has a pH of 4.6 (Amoros et al.
2007).

Fig. 6

The pH of effluent from test models. Error bars represent the mean + S.E. of
three replicates. GCHI = 7200 mg L-1, GCH2 = 720 mg L—-1 and GCH3 =
72 mg L —1.
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A—general The pH trend showed a decline #-pH from the commencement
of experiment until the end of the study for all treatments. However this
was more pronounced in the GCH1 models as pH drifted and eventually
fell below 7 while it remained above 7 in the other rigs. Since the sub-base
was made up of limestone, it was understandable as to why initial
background pH readings were above 7.7. Subsequent addition of
contaminants altered the pH of the effluent in all test models as the pH
declined throughout the duration of experiment. The pH reduction in the
control model may have been influenced by the acidic sulphur compounds
which are products of combustion in internal combustion engines via the
added used oil. A significant difference (p <0.05) existed between GCH1
and GCH2. According to the FAO (2008), the recommended pH range for
irrigation water is 6.5—8.0. Furthermore, Bauder et al. (2008 ) and
Harivandi (2008 ) noted that the standard range for pH of irrigation water
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1s 6.5-8.4 while Peterson (1999) is of the opinion that a pH range of 6.0—
8.5 is suitable for irrigation water. Since pH of all treatments were between
6.92 and 8.22, these-confirm-that they are all within the recommended
range of 6.0-8.5 and therefore, safe for irrigation purposes.

Effluent turbidity

The effluent turbidity showed that the turbidity of the effluent from GCHI1
models was highest with peak value of 240 NTU while peak values for
GCH2, GCH3 and control models were 110, 79 and 48 NTU, respectively
(Fig. 7). There was significant difference (p <0.05) between GCH1 and
GCH2 models at any sampling point during contaminants addition phase of
the study.

Fig. 7

Effluent turbidity. Error bars represent the mean + S.E. of three replicates.
GCHI1 = 7200 mg L-1, GCH2 = 720 mg L—-1 and GCH3 =72 mg L —1.
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The turbidity of effluent from all the test models were relatively high
throughout the duration of the experiment as the minimum values recorded
before contaminants were added were 30, 14, 26 and 18 NTU in GCHI,
GCH2, GCH3 and control models, respectively. It was even much higher in
GCH1 models with values more than 50 % higher than those recorded by
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for the next model, GCH2. This indicates the potency of GCH in washing
contaminants and sediments through the rig system. For water intended for
reuse purposes in urban environments; agricultural applications;
environmental bodies (e.g. wetlands, aquatic habitats, stream flows, water
bodies etc.); industrial applications; and groundwater recharge (aquifers
that are not used as a potable source), both US EPA (2012b) and WHO
(2006) recommend turbidity of <2 NTU. From Fig. 7, turbidity of the
effluents in all test models far exceeded the recommended limit for reuse
standards. Turbidity has been found to promote the protection of
microorganisms (Katz 1986; Schwartz and Levin 1999) and can cause an
array of water purification challenges such as increased use of coagulants,
decrease in filter run time, etc. (Murakami et al. 2013 ) as well as adverse
effects on the ecosystem (Boyd 1990; Tazaki et al. 2003 ). Some studies
observed that in environments where pathogens and turbidity occur in the
same water source, the removal of pathogens occurs concurrently with the
removal of turbidity (Ongerth and Pecoraro 1995; Schwartz and Levin
1999). As an important water pollution parameter, high concentration of
turbidity can affect the BOD levels (Petts et al. 2002 ) and are frequently
associated with suspended sediments via complex binding mechanisms
(Rocher et al. 2004 ) and thus, may delay the residence time of
contaminants (Foster and Charlesworth 1996). From the foregoing, it is
clear that the impacts of turbidity increased as the concentration of GCH
increased. Although the exact nature of these impacts may not be precisely
known immediately, it should be further investigated and monitored to
ensure optimum utilisation of the PPS structure is not compromised.

Conclusions

This study indicates that stormwater can be harvested from a PPS for reuse
purposes. Stormwater is a resource that offers huge potential to augment
water demand particularly for agricultural #ses use such as irrigation of
farms and gardens, amenity areas, golf courses, fountains, garden farms,
toilet flushing and car washing. Sustainable drainage systems (SUDS) such
as pervious pavement system (PPS) offers a potential for stormwater
recycling and storage for these applications as stormwater can be recycled
in the PPS to almost potable water quality in terms of hydrocarbon content
and presence of heavy metals and thus, can be used where the use of
potable guality water quality 1s unnecessary. Although the use of PPS is
being promoted by Acts of Parliament in the UK and Best Management
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Practices (BMPs) in the USA, weed control on these structures using
herbicides poses a challenge to the quality of water obtained from them. In
this study, Resultsindieate results indicated that the highest Sedium
AbsorptionRatio(SAR) SAR of 1.6 recorded in this study;+-6;4s

was less than that at which loss of permeability begins to occur and as
well as deterioration of the matrix structure. Furthermore, the maximum
Electrical conductivity (ECw) of 2990 uS cm™!, recorded for 7200 mg L1
concentration was slightly below the unstable classification range at which
salinity preblem problems related to water quality eeeurs occur such that
the salts accumulate in the root zone to the extent that crop yields are
adversely affected. However, GCH concentration of 720 mg L~! was
within exeeHent 'permissible' range while that of 72 mg L~! was within
permissible 'excellent' range. Current study raises some environmental
concerns owing to the overall impact that GCH at concentrations above

72 mg L1 exerts on the net performance of the organic decomposers,
heavy metal and hydrocarbon release from the system and thus, should be
further investigated. However, effluent from all the test models including
those dosed with high GCH concentration of 7200 mg L~! do not pose any
threat in terms infiltration or deterioration associated with salinity
although, there are indications that high dosage of GCH could lead to an
elevated electrical conductivity of the recycled water and thus, should be
closely monitored.
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