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Abstract

Concerns have been raised about the risks that pharmaceuticals and personal care
products (PPCPs) in aquatic environments posed to humans and the environment. In
recent years, sand filtration has been used to potentially remove these emerging
contaminants from water. However, there has been no review of the effectiveness of
this technology to date. This paper presents a brief introduction of sand filtration types,
reviews the current progress in PPCP removal through sand filtration, and discusses the
mechanisms behind this process and the combination of granular activated carbon
(GAC) and sand as an enhanced sand-GAC filtration technology. Sand filtration
achieves a reasonable but highly variable degree of PPCP removal. Biodegradation and
adsorption are the two main mechanisms of PPCP removal, in particular the
biodegradation since adsorption capacity of sand is relatively low. Other processes,
such as bio-sorption and indirect adsorption, may also contribute to PPCP removal. To
compensate for the inadequate PPCP removal through sand filtration, porous GAC has
been combined with sand to develop sand-GAC filtration technologies. Serial, dual,
and sandwich filters have been investigated, and significant removal enhancement has
been observed, due to the strengthened adsorption capacity, suggesting the applicability
of these variants. Future research focus, such as investigating the influence of different
operational conditions on sand filter performance, obtaining a deeper understanding of
the various removal mechanisms, and investigating of long-term performance of the
filter used for PPCP removal, are suggested.

Keywords: PPCPs; Sand filtration; Mechanisms; GAC; Removal
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1. Introduction

There have been concerns about pharmaceuticals and personal care products
(PPCPs) for decades (Daughton and Ternes,1999). The term PPCPs comprises a large
variety of emerging environmental contaminants, such as antibiotics, hormones, anti-
inflammatory drugs, antiepileptic drugs for pharmaceuticals, and antimicrobial agents,
synthetic musks, insect repellents, preservatives, and sunscreen ultraviolet (UV) filters
for personal care products (Daughton and Ternes, 1999; Liu and Wong, 2013).
Generally, effluents released from wastewater treatment plants (WWTPs) are
considered as an important source of PPCP discharges into the environment (Chen et
al., 2012). In recent years, the effectiveness of various wastewater treatment
technologies (e.g., activated sludge treatment, biological nutrient removal processes,
UV treatment, Fenton process, constructed wetlands, etc.) in removing PPCPs has been
investigated, but the effectiveness of such technologies varies greatly, and some
technologies are not cost-effective (Kim and Tanaka, 2009; Krishnan et al., 2021; Li et
al., 2017, 2012; Sui et al., 2011; Zhang et al., 2019). Owing to the inadequate removal
efficiency of WWTPs, PPCPs have been detected in various water sources (e.g., surface
water, groundwater, drinking water, and seawater) around the world and it has become
a new environmental problem globally (Caldas et al., 2019; Fu et al., 2019; Kallenborn
etal., 2018; Li et al., 2016; Moldovan, 2006; Sengar and Vijayanandan, 2022). Despite
the relatively low concentrations (ng/L-ug/L) of PPCPs in the aquatic environments,
their persistence, toxicity and other related problems (e.g., antibiotic resistance) may

pose potential risks to human health and other organisms (Li et al., 2016; Narayanan et
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al., 2022; Sauvetre and Schroder, 2015; Sengar and Vijayanandan, 2022).

Sand filtration is one of the earliest water treatment technologies and remains as
an important water purification process worldwide. Pure sand filtration for water
treatment can be classified into either slow sand filtration (SSF) or rapid sand filtration
(RSF), depending on the filtration rate (Bar-Zeev et al., 2012; Campos et al., 2002). In
recent decades, a variant of SSF called biosand filtration (BSF) has emerged and has
been used to treat household drinking water (Elliott et al., 2011; Pompei et al., 2017).
These types of sand filtration have shown great potentials in removing suspended solids,
pathogenic microorganisms, and traditional and emerging organic pollutants (Asami et
al., 2016; D’Alessio et al., 2015; Escola Casas and Bester, 2015; Haig et al., 2011;
Nakada et al., 2007; Wang et al., 2021). Although other advanced water treatment
technologies (e.g., biomembranes and advanced oxidation processes) are now widely
used, sand filtration has received significant attention in recent decades owing to its
simplicity, compatibility, low cost (for BSF), and relatively low chemical and electricity
requirements and high water treatment volumes (for SSF and RSF) (Haig et al., 2014,
2011; Pompei et al., 2017; Wang et al., 2021). Till now, sand filtration has been
successfully employed in the purification of a variety of water sources, including
wastewater, surface water, ground water, rain water, etc. (Andreoli and Sabogal-Paz,
2020; Moreira Neto et al., 2012; Racar et al., 2019; Sobsey et al., 2008). In addition, to
enhance the removal of organics (including PPCPs) in water treatment plants, granular
activated carbon (GAC) has been combined with sand in various filtration technologies

(e.g., Bauer et al., 1996; Gidstedt et al., 2022; McKie et al., 2016). Other materials, such
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as vegetal materials (e.g., woodchips), clay, graphene, graphene oxide, zero-valent iron,
anthracite, kinetic degradation fluxion media, and crushed limestone/brick, have also
been employed together with sand for filtration, and some have exhibited good PPCP
performance (Clyde et al., 2021; Fu et al., 2019; Kulkarni et al., 2019; Majdi et al.,
2019; Rizzo et al., 2015; Shrestha et al., 2014; Vu and Wu, 2022; Zaman et al., 2017;
Zhang et al., 2016; Zhao et al., 2019).

Studies on the removal of PPCPs through sand filtration are relatively few. Wang
et al. (2021) reviewed the biodegradation potential of RSF for organic micropollutant
removal from drinking water. To the best of the authors’ knowledge, the PPCP removal
performance of different sand filtration systems is yet to be comprehensively reviewed.
Therefore, it is meaningful to look into and summarise the past and current trends in
sand filtration processes for PPCP removal. This review describes the SSF, BSF and
RSF technologies, their application in PPCP removal, the mechanisms involved in the
PPCP removal processes, and the effectiveness of combing of GAC with sand filtration
for PPCPs removal enhancement. In particular, the paper focuses on sand-GAC
filtration as it is a widely used practice globally. Finally, suggestions for future research
and development of these processes are also proposed and highlighted.

2. Overview of sand filtration
2.1 SSF

The first application of SSF as a mean of water treatment dates back to year 1804

when John Gibb designed and built a slow sand filter for his bleachery and sold the

surplus treated water to the public (Huisman and Wood, 1974). For over two centuries,
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it has remained an effective water treatment technology in both small and large
community water supplies (Haig et al., 2011). Practically, SSF can either be applied as
a tertiary stage in water treatment processes or can be used as an efficient single-stage
treatment method for raw water within a certain water quality range, especially in low-
and middle-income countries (LMICs), making it compatible and flexible (Bowles et
al., 1983; Ellis and Wood, 1985; Matamoros et al., 2009; Pompei et al., 2017). SSF uses
quartz sand to purify contaminated water. Traditional slow sand filters used in large
treatment plants operate in continuous mode to meet large water treatment demands and
the sand bed remains wet throughout operation. A schematic representation of a typical
SSF filter is shown in Fig.1. In the filter, one gravel layer supports the sand media in
the filter, and the treated water flows out through the filter underdrain. A thin, slimy,
gelatinous biofilm, called schmutzdecke, grows at the top of the sand layer and plays an
important role in the water purification. Before formal operation can commence, a
maturation stage is usually required to allow the schmutzdecke to form.
2.2 BSF

Developed by David Manz at the University of Calvary in the 1990s, BSF, as a
variant of SSF, has been successfully implemented as a small-scale, point-of-use (POU)
technology for removing microbes from drinking water (Kennedy et al., 2013; Sobsey
et al., 2008). Till now, BSF has been widely promoted by several organisations (e.g.,
Centre for Affordable Water and Sanitation Technology (CAWST)) and over 300,000
BSFs filters have been installed in more than 69 countries (Andreoli and Sabogal-Paz,

2020). Compared to the continuous operation mode of SSF, BSF is an intermittently-
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operated slow sand filter. A schematic representation of a BSF filter is shown in Fig.1.
Water enters the filter through a flow diffuser and schmutzdecke grows on the top of the
sand media over time. Like SSF, a maturation stage is also needed for BSF. It is
considered a cost-effective household water purification technology and is mainly used
in LMICs.
2.3 RSF

Compared to the SSF, RSF is used as a tertiary polishing water treatment
technology. The concept of RSF was brought out in USA at the end of the 19" century
(Srivastava and Chattopadhyay, 2022). Unlike SSF and BSF, RSF is generally
considered to lack biofilm layer on filter media (schmutzdecke) and is primarily used to
remove large suspended solids through physical processes (e.g., size exclusion)
(Srivastava and Chattopadhyay, 2022). However, biological processes may also occur
in the RSF system, helping to eliminate contaminants (Wang et al., 2021). As this
treatment method uses a high filtration velocity, significant amounts of debris can
accumulate in a short period of time, leading to the need for frequent backwashing
(Arndt and Wagner, 2003). Therefore, the operational costs of RSF are higher than those
of SSF. In practice, RSF is always coupled with other technologies, such as coagulation,
flocculation, or UV treatment (Asami et al., 2016; Berg et al., 1968; Heinonen-Tanski
et al., 2003).
2.4 Comparison of sand filtration types

The design/operational parameters and properties of the sand media used for SSF,

BSF and RSF differ. Table 1 lists some typical operational parameters. It should be
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noted that the filtration design/operational parameters are closely aligned with the needs
(e.g., feed water quality, financial budget, treatment requirements) and may vary
considerably under real circumstances. Generally, the supernatant water in a SSF filter
is 100~150 cm deep and the sand media depth is 0.6~1.2 m (Huisman and Wood, 1974;
Young-Rojanschi and Madramootoo, 2014). In contrast, the standing head and sand
depth in BSF are reduced to 5~20 cm and 0.4~0.55 m, respectively, owing to its small-
scale configuration. For RSF, the World Health Organization (WHO) recommends a
supernatant water height of 150~200 cm and a sand media depth of 0.5~1.0 m. In
addition, the SSF filtration rate is usually within the range of 0.1~0.3 m/h (2.4~7.2 m/d)
(Campos et al., 2002) and a retention time of 1~48 h is recommended by CAWST for
BSF. However, unlike the slow filtration rates of SSF (cm/h) and BSF, RSF typically
employs a much faster filtration rate of 100~475 m/d or 5~30 m’/h (Arndt and Wagner,
2003; Bar-Zeev et al., 2012).

The effective size and uniformity coefficient are the two most important properties
of sand media. The effective size (D10) is the diameter at which 10 % of the sand’s mass
is comprised of particles with a diameter less than this value, whereas the uniformity
coefficient is the ratio of Dso/D1o. Generally, fine sand is used in the SSF, and the
effective size of the sand is 0.1~0.3 mm, with a uniformity coefficient of around 3
(Campos et al., 2002). For BSF, CAWST suggests the use of fine sand with an effective
size of 0.15~0.20 mm and a uniformity coefficient of 1.5~2.5. In contrast, the effective
size for RSF is usually greater than 0.55 mm with a uniformity coefficient of less than

1.5 (Casey and Casey, 1997). However, the fine sand used in SSF may cause quick
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clogging (Mendoza-Espinosa and Stephenson, 1999). In recent years, coarse sand with
an effective size of more than 0.3 mm has been used in some SSF studies. Table 2 lists
the sand grain size/effective size and uniformity coefficient used in some previous
studies.

Besides the operational mode, cleaning strategies differ as well. As RSF employs
a high filtration velocity (m/h), backwashing is frequently required to avoid clogging
(Wang et al., 2021). But backwashing usually consumes large quantities of clean water.
In contrast, no backwashing is required for SSF and BSF, but scraping and replacement
of the sand bed, which is beneficial for water-shortage areas (Huisman and Wood, 1974;
Lantagne et al., 2006). Generally, sand filtration technologies share the advantages such
as cost-effectiveness (relatively cheaper operation/maintenance costs), configuration
simplicity, low chemical and electricity requirements, and practical compatibility (L1,
2019). In addition, a large proportion of pathogenic microorganisms, including bacteria,
protozoan oocysts, cercariae and schistosomes, can be eliminated, although such
processes primarily occur in SSF and BSF (Elliott et al., 2011; Escola Casas and Bester,
2015; Haig et al., 2011; Srivastava and Chattopadhyay, 2022; Wang et al., 2021).
3. Removal of PPCPs through sand filtration
3.1 Overview of PPCP removal

The removal of PPCPs though sand filtration has not received as much research
attention as that received by other treatment processes. Table 3 lists some published
research on PPCP removal through sand filtration. These studies cover various types of

contaminated water, including wastewater effluents, synthetic wastewater/ rainwater,
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surface/reservoir water and tap water.

As shown in Table 3, the removal of PPCPs varies significantly, from negative (-
186%) to full removal (100%). Negative removal is not uncommon in water treatment
processes and can usually be ascribed to the desorption of molecules from the particles,
water evaporation or quantitative errors caused by low concentrations (Li et al., 2017,
Lin et al., 2016; Nakada et al., 2007). It is shown from Table 3 that some PPCPs are
recalcitrant to sand filtration, such as carbamazepine, removal of which ranged from
negative to below 25%, regardless of the filter type, influent concentration, inflow type,
filtration rate and experimental scale. Carbamazepine is a compound with low
biodegradability and its ineffective removal can be attributed to weak biodegradation
and insufficient adsorption onto the surfaces of sand grains. In contrast, effective
removal through sand filtration has been found for other PPCPs, such as ibuprofen.
Apart from one case of low removal through RSF (30.1%, Nakada et al., 2007), studies
have shown that ibuprofen was effectively removed (> 90%) through sand filtration,
regardless of the filter types and experimental conditions (Nakada et al., 2007; Pompei
et al., 2017, 2019; Zearley and Summers, 2012). It could be that ibuprofen’s
susceptibility to biodegradation facilitates its effective elimination during filtration.
Other PPCPs with high removal include methylparaben, propranolol tylosin, etc.

Several researchers have investigated the elimination of estrogenic compounds, an
important category of PPCPs, during filtration processes (Table 3; D’Alessio et al.,
2015; Haig et al., 2015; Kennedy et al., 2013; Nakada et al., 2007). Haig et al. (2016)
compared continuous SSF bioaugmented by three estrogen-metabolising isolates (E1,

10
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E2, and E3) with nonaugmented SSF to remove those three estrogens (at ng/L
concentrations in the influent). With bioaugmentation, the removal of E1, E2 and E3
were 79.46%, 34.58% and 11.66%, respectively. In contrast, the nonaugmented SSF
achieved corresponding removal of 2.08%, -66.66% and -11.60%, respectively. These
results highlight the dramatic variability in the removal of different compounds.
However, poor removal of E1, E3 and EE2 (around 10~20%) were observed during
BSF of influent with a concentration of 5 mg/L (Kennedy et al., 2013). Although larger
errors can be expected at trace-level influent concentrations, the variations in removal
behaviour among structurally similar or related compounds merit further investigation.
Table 3 indicates that the removal achieved for a given compound varies with the
influent concentration, filtration rate, filter type and experimental scale. For instance,
three contrasting studies that quantified the removal of triclosan yielded the following
removal: 74.2% (25 pg/L, 5~20 cm/h or 1.2~4.8 m/d) through laboratory-scale SSF (Li
et al., 2018); =90% (190 *= 42 ng/L, 1.2, 2.4 m/h or 28.8, 57.6 m/d) through
laboratory-scale RSF (Zearley and Summers, 2012); and 25.2~52.5% (158~360 ng/L,
110 m/d) through full-scale RSF (Nakada et al., 2007). Similarly, significant differences
have also been observed for other PPCPs (e.g., acetaminophen, caffeine, diclofenac,
gemfibrozil, naproxen, sulfamethoxazole and trimethoprim, Fig. 2). Therefore, it can
be assumed that the PPCPs removal through sand filtration is influenced by the
operational conditions, initial influent concentrations and filter capacity, and the
removal effectiveness of specific PPCPs through sand filtration is inconsistent.
3.2 Comparison between SSF, RSF and BSF

11
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Overall, RSF is less effective in removing PPCPs than SSF and BSF. Both SSF
and RSF use the continuous filtration mode; however, as RSF employs a much faster
filtration rate, theoretically, PPCPs experience a shorter contact time within the RSF
system, leading to lower removal than that in SSF. Escola Casas and Bester (2015)
studied the degradation of seven PPCPs through SSF from effluent wastewater (at pg/L
concentrations) which were recalcitrant in traditional activated sludge treatment. At a
filtration rate of 0.012 m/h (0.288 m/d), 41%, 94%, 58%, 57%, 85%, 59% and 21% of
diclofenac, propranolol, iopromide, iohexol, iomeprol, tebuconazole and propiconazole
were eliminated, respectively. Except for tebuconazole and propiconazole, the removal
of the other five PPCPs were influenced by the hydraulic retention time (HRT). In
comparison, Hollender et al. (2009) studied the removal of 220 micro-pollutants in a
WWTP equipped with post-ozonation followed by RSF (filtration rate: 14.4 m/h or
345.6 m/d). Before implementation of the ozonation, the RSF process achieved only
limited removal of several PPCPs: diclofenac (20%); atenolol (15%); sotalol (15%);
naproxen (30%); carbendazim (15%); and trimethoprim (15%). Relatively inefficient
removal of PPCPs by RSF was also reported by Nakada et al. (2007). However, Table
3 shows an association between removal and influent concentration. When the initial
concentration was of the order of ng/L, high removal values were achieved by RSF for
some PPCPs such as caffeine (67~80%) and triclosan (> 90%) (Zearley and Summers,
2012). In contrast, lower removal of 25.3% and 74.2% were reported for treating 25 pg/L
caffeine and triclosan through SSF, respectively (Li et al., 2018). Thus, the initial
concentration is an influential factor of PPCP removal.
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As both SSF and BSF can be used for small-scale applications, it is meaningful to
compare their performance. Considering PPCP removal, generally, the intermittent
mode favours better contact between the compounds and media and can lead to greater
removal. Pompei et al. (2017, 2019) conducted two studies on the removal of the same
six PPCPs (acetaminophen, diclofenac, naproxen, ibuprofen, benzophenone-3 and
methylparaben) through continuous SSF (Pompei et al., 2019) and intermittent BSF
(Pompei et al., 2017), with identical spiked influent concentrations of 2 pg/L. Both
operational modes yielded good removal. Despite some differences in the filter
configurations, effective sand size (0.25 mm versus 0.21 mm) and influent, their results
provide some interesting comparisons. For naproxen and ibuprofen, the removal were
similar under both operational modes (Table 3). However, intermittent BSF achieved
higher removal of benzophenone-3, diclofenac and methylparaben. In contrast,
continuous SSF achieved higher removal of acetaminophen. This may be attributed to
the aerobic degradation of acetaminophen promoted by oxygen replenishment derived
from continuous water inflow (Yu et al., 2006). A comparison of two filtration modes
for bisphenol A removal was conducted by Sabogal-Paz et al. (2020), who employed a
pilot-scale sand filter with the same media and configuration in both modes. Poor
elimination was observed with continuous flow mode, with negative removal of -14 +
16%, compared to 3 = 8% removal with intermittent mode. The authors attributed this
low-to-negative removal to desorption from the sand surface and the release of
compounds from dead cells.

3.3 Treatment of wastewater versus surface/reservoir water
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Most studies on sand filtration have been associated with wastewater treatment or
surface/reservoir water treatment for drinking water purposes. At a filtration rate of 0.06
m/h (1.44 m/d) and initial concentrations of 2 ug/L or 5 pg/L, SSF removed less than
15% of sulfamethoxazole and clarithromycin, 15~50% of amoxicillin and
oxytetracycline, and 50~80% of trimethoprim from surface water (Xu et al., 2021). A
study by van Gijn et al. (2021) revealed that SSF removed approximately 20% of
benzotriazole, 60% of caffeine and trimethoprim, 40% of clarithromycin, <20% of
carbamazepine and diclofenac, 60~80% of metoprolol and propranolol, and 20~60% of
naproxen and sulfamethoxazole from WWTP secondary effluent (with an initial
concentration of 2 ug/L and filtration rate of 1 L/h or 24 L/d). Also, Escola Casas et al.
(2022) compared the efficacy of PPCP removal from synthetic wastewater and WWTP
secondary effluent through SSF (filtration rate of 288 mm/d or 0.288 m/d). With high
initial concentrations of 100 pg/L, SSF removed 9%, 33 + 12% and 20% of
carbamazepine, diclofenac and sulfamethoxazole from synthetic wastewater, respectively,
compared to 0%, 20% and 17% from WWTP secondary effluent (initial concentration of
20 png/L), respectively.

Considering RSF, Nakada et al. (2007) conducted a two-year study on the
elimination of 24 PPCPs in a WWTP. The removal of ng-ug/L level PPCPs through
RSF (filtration rate: 110 m/d) was considered inefficient, including carbamazepine (-
52.1~22.4%), diethyltoluamide (-19.8~18.9%), ketoprofen (-186~20.5%), crotamiton
(-5.2~16.3%), naproxen (-11.0~58.8%), triclosan (25.2~52.5%) and sulfamethoxazole
(26.9%). Comparatively, Zearley and Summers (2012) systematically investigated the
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removal of 34 trace PPCPs (at ng/L concentrations) from drinking water (tap water with
3 mg/L dissolved organic matter) through RSF (filtration rate of 1.2, 2.4 m/h or 28.8, 57.6
m/d). Higher removal were observed for some PPCPs, such as naproxen (72~86%) and
triclosan (>90%). However, other PPCPs, such as carbamazepine (0.5~1.6%) and
sulfamethoxazole (2.4~4.1%), were minimally removed. These investigations provide
preliminary insights into PPCP removal under varying influent quality. However, in the
absence of comparative studies, it is difficult to draw conclusions on the variability of PPCP
removal from wastewater and surface/reservoir water through sand filtration.
3.4 Laboratory-scale versus pilot/full-scale experiments

Understanding the implications of the experimental scale can help in evaluating
the practicality of implementing sand filtration at larger-scales. Generally, the pilot/full-
scale tests achieved relatively lower PPCP removal than laboratory-scale studies. For
instance, laboratory-scale RSF (filtration rate of 1.2, 2.4 m/h or 28.8, 57.6 m/d) (Zearley
and Summers, 2012) eliminated 72~86% of naproxen and 83~92% of trimethoprim
(both at ng/L level) from tap water mixed with dissolved organic matter, whereas full-
scale RSF of real wastewater achieved lower removal for the same compounds (30%
or -11.0~58.8% for naproxen, 15% or 66.2% for trimethoprim; Table 3) (Hollender et
al., 2009; Nakada et al., 2007). The removal of sulfamethoxazole (<4%, filtration rate
of 0.15 m/h or 3.6 m/d) (Rooklidge et al., 2005) and carbamazepine (0%, filtration rate
0of 0.05 m/h or 1.2 m/d) (D’Alessio et al. 2015) observed in pilot-scale SSF studies were
also lower than those observed by laboratory-scale SSF studies (Escola Casas et al., 2022;
van Gijn et al., 2021; Xu et al., 2021). Similarly, unsatisfactory removal of other PPCPs,
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such as lincomycin, erythromycin, gemfibrozil, and phenazone, have also been observed
in other pilot/full-scale filtration studies (Table 3).

Occasionally, PPCPs showed higher removal at larger-scale compared to that at the
laboratory-scale. More than 99% of trimethoprim was removed in a pilot-scale SSF
study (filtration rate of 0.15 m/h or 3.6 m/d; initial concentration of 0.2 mg/L)
(Rooklidge et al., 2005) compared to removal of 50~85% by laboratory-scale SSF
studies (filtration rate of 1.44 m/d or 24 L/d; initial concentration of 2 pg/L) (van Gijn
etal.,2021; Xuetal.,2021). The removal of sulfamethoxazole was also higher with full-
scale RSF compared to that with laboratory-scale RSF (Table 3). Furthermore, some
PPCPs exhibited removal in a wide range, such as E1, E2 and caffeine, showing removal
difference under various filtration conditions (Table 3). In general, differences in the
influent quality, initial PPCP concentration and operational conditions could cause
significant removal discrepancies. For more valid comparisons and evaluations, further
investigations on PPCP removal are required at various experimental scales.

Overall, sand filtration systems reviewed herein achieved a reasonable but highly
variable degree of PPCP removal. In a comprehensive study, Paredes et al. (2016)
examined the removal of 18 PPCPs through sand biofiltration, and classified the
compounds into three categories based on their removal behaviours: 1) compounds
exhibiting biotransformation and adsorption, e.g., celestolide; II) compounds exhibiting
biotransformation only, e.g., sulfamethoxazole; and, III) compounds recalcitrant to both
biotransformation and adsorption, e.g., carbamazepine. Paredes et al. (2016) considered
biotransformation (biodegradation) and sand adsorption as the main PPCP removal
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mechanisms during this treatment process. As these two mechanisms have also been
studied by other researchers, a review of them is warranted.
4. Mechanisms of PPCP removal through sand filtration

The sand bed remains wet throughout the filtration process in both the continuous
and intermittent modes. Therefore, the removal processes of PPCPs mainly occur in the
aqueous phase or on the sand media surface. As sand filtration involves both physico-
chemical and biological processes, various mechanisms are involved in this process,
including absorption, diffusion, screening and sedimentation as mechanical
mechanisms (Haig et al., 2011), and predation, scavenging, adsorption and bio-
oxidation as microbiologically mediated purification mechanisms (Haig et al., 2014;
Wang et al., 2021).

As PPCPs are soluble in water and usually present in trace concentrations, they
rarely aggregate as pellets. The two main mechanisms of PPCP removal through sand
filtration are biodegradation and adsorption (Escola Casas and Bester, 2015; Wang et
al., 2021). Other mechanisms, such as bio-sorption, may also play roles in PPCP
removal (Li et al., 2018; Rolph et al., 2018).

4.1 Biodegradation

The main mechanism responsible for PPCP removal through SSF is considered to
be biodegradation (Escola Casas et al., 2022; Li et al., 2018). Biodegradation occurs in
the schmutzdecke and upper sand layer (Campos et al., 2002). However, the effect of
biodegradation in RSF is considered to be weak, but it can be enhanced (Srivastava and
Chattopadhyay, 2022; Wang et al., 2021). Generally, PPCPs that are recalcitrant to
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biodegradation are less likely to be effectively removed through sand filtration. For
instance, carbamazepine is a low-biodegradable compound and its removal through
sand filtration is often unsatisfactory, whereas ibuprofen, which is easily biodegraded,
tends to be effectively removed (Table 3). An additional consideration is that, although
some PPCPs are susceptible to aerobic and/or anaerobic biodegradation, aerobic
conditions are normally more favourable for biodegradation (Conkle et al., 2012).
During the SSF/BSF maturation period (usually 10 d) and with continuous water
inflow, microbes enter the filters, attach to, and grow on the sand surface of the upper
sand layer using deposited organic matter in the influents as food, thereby forming the
schmutzdecke (Ahammed and Davra, 2011; Elliott et al., 2008). The biodegradation of
PPCPs occurs mostly within the schmutzdecke layer and gradually decreases with the
increase in sand depth. However, as PPCPs are not energy sources (e.g., glucose) for
general microorganisms, they can only be bio-degraded by microbes with specific
degrading genes, or may share the same degradation pathways as other nutrients in the
filter (Li et al., 2017, 2014). The oxygen level of the water decreases with the increase
in the depth of the filter bed and may lead to anaerobic conditions (Reungoat et al.,
2011; Young-Rojanschi and Madramootoo, 2014). Different types of microbial
communities can develop at various depths, including anaerobic microbes. As PPCPs
can be bio-degraded either aerobically or anaerobically (Suarez et al., 2010), different
compounds may be removed at different sand depths. Generally, the schmutzdecke
(within a 10 cm depth) is responsible for most microbial activity, but below a certain
sand depth, biochemical reactions still take place (Huisman and Wood, 1974; Nakhla
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and Farooq, 2003). Through biodegradation, PPCPs may undergo mineralisation, or
transformation into more hydrophobic/hydrophilic compounds (Halling-Sorensen et al.,
1998; Kiimmerer, 2003; Zhang et al., 2014). Under mineralisation, degradable PPCPs
are gradually oxidised into simpler organic matters or inorganic compounds (e.g., water,
carbon dioxide, sulphates, and nitrates), either providing the energy required for the
metabolism and growth of the microbes or are discharged in the effluent (Huisman and
Wood, 1974).

The key factor influencing biodegradation is the HRT, which determines the
duration of contact between PPCPs and microbes in the filter (Escola Casas and Bester,
2015; Reungoat et al., 2011). Ideally, the longer the HRT, the higher the PPCP removal
through biodegradation. However, only a very few studies (e.g., Sabogal-Paz et al.
(2020)) provide this information. Therefore, it is recommended that future research
focuses on investigating the effect of HRT on PPCP removal. In practice, the filtration
rate of SSF should not be inordinately low to prolong the filtration time because this
reduces the volume of water treated per unit of time. In addition, to ensure robust
biodegradation, neither the SSF operation temperature nor the dissolved oxygen (DO)
can be too low. Proper temperatures ensure good enzyme activities inside microbial
cells. At low temperatures, microbial metabolism decreases, slowing down the removal
of PPCPs and other pollutants, consequently deteriorating the water quality (Huisman
and Wood, 1974). Pompei et al. (2017) observed that the presence of standing
supernatant water in the filters for >24h reduces the DO in the effluent and should be
avoided, regardless of the operation mode. Usually, DO concentration in the effluent
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should not be too low to avoid anaerobic conditions (Huisman and Wood, 1974).
Although some microbes can degrade specific PPCPs, the microbial community
may also be affected by the PPCPs (Halling-Sorensen et al., 1998; Ribeiro et al., 2018;
Tamura et al., 2017). After continuous dosing of four PPCPs (25 pg/L) in a SSF
treatment system, Li et al. (2019) observed that the abundance of Proteobacteria
phylum decreased from approximately 76% to 40%, while some other subdominant
phyla (e.g., Bacteroidetes, Planctomycetes) increased, probably due to the spiked
compounds. In another study in which 2 pg/L. of mixed PPCPs were treated with
household-scale BSF, more bacterial species were detected during the period without
the PPCPs injection than with the PPCP injection (Pompei et al., 2017), though the
addition of PPCPs did not affect the filter performance. Besides, changes in algae and
cyanobacteria communities by PPCPs during sand filtration were also observed
(Pompei et al., 2022).
4.2 Adsorption
Since sand is not a porous material, it cannot provide a sufficient surface area for
effective adsorption like other media, such as activated carbon. Clean sand has few
functional groups for chemical adsorption. Generally, the adsorption of PPCPs onto
sand surface is considered negligible or hard to occur, and as a result, it is excluded as
the dominant removal mechanism in eliminating PPCPs through sand filtration,
compared to biodegradation (Escola Casas and Bester, 2015; Reungoat et al., 2011).
Theoretically, hydrophobic PPCPs are more likely to be adsorbed onto sand
surface than hydrophilic PPCPs. However, the removal of PPCPs does not always
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correlate with the octanol-water distribution coefficient (log Kow) in sand filters (Ternes

et al,, 2002; Zearley and Summers, 2012). For example, Nakada et al. (2007)

investigated the elimination of 24 PPCPs through RSF in a WWTP by carrying out four
sampling campaigns (July 2003, November 2003, June 2004 and October 2005). They

observed that compounds with log Kow<3 (e.g., diethyltoluamide, crotamiton,

sulfapyridine, sulfamethoxazole, and E3) had removal above 50% in all four campaigns,
and higher removal of > 80% were detected for strongly hydrophobic compounds with

log Kow>3 (e.g., ibuprofen, mefenamic acid, octylphenol, and bisphenol A) in some

campaigns. Using the data from their study, we fitted the removal of PPCPs with their

corresponding log Kow values. Figure 3 shows the fitting graphs using the entire data

set (four sampling campaigns) and average removal. The fitting graphs for each

sampling campaign are shown in Fig. S1. The removal of the target compounds was not

linearly correlated to the log Kow (fitting R? of 0.0370 and 0.0021 for the entire data set

and average removal, respectively). Several hydrophilic compounds (e.g., trimethoprim)
exhibited higher removal than hydrophobic compounds (e.g., nonylphenol). In addition,

the removal of some compounds were highly variable and not consistent among the

campaigns. The same contradiction was also observed by Kennedy et al. (2013) who

discovered that although EE2 had the highest log Kow in a BSF process, E3 exhibited

the highest adsorption affinity. Thus, it is assumed that adsorption process may be

affected by other factors (e.g., biodegradation, hydraulic conditions, seasonal difference)
and the likelihood of the adsorption of specific PPCPs during sand filtration is not

dependent solely on their hydrophilicity/hydrophobicity only.
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Unlike particle pollutants or pathogens that can be removed by mechanical forces
or biological effects (e.g., screening, predation), PPCPs are usually dissolved in water
at trace concentrations. Generally, two main mechanisms at the molecular level may
contribute to adsorption: van der Waals forces and electrostatic attraction (Huisman and
Wood, 1974; Wang et al., 2021).

Van der Waals forces, including dispersion forces, induction forces and dipole-
dipole attraction, can operate between the PPCP molecules and the surface of the sand,
which consists of silicon dioxide and other substances. Van der Waals forces can also
operate between PPCP molecules, leading to multi-layer adsorption on the sand particle
surface. Generally, van der Waals forces are considered weak forces. However, as the
distance between the centres of masses is very short (nm level), once the contact is
established, the attraction is considerably enhanced and cannot be ignored as these
forces increase with the reciprocal of the sixth power of the distance.

Electrostatic attraction operates between electrified bodies with electrical charges
and is inversely proportional to the square of the distance. Generally, mineral quartz
sand surface has a negative charge during SSF. Positively charged PPCPs can be
attracted to the sand surface through electrostatic attraction. This process usually leads
to the oversaturation of this attraction, making the sand particles and the attracted
chemicals become positively charged. Consequently, negatively charged PPCPs are
then attracted onto the already adsorbed chemicals. Once this process begins, the charge
reversal and accumulation of the two types of charged molecules continues throughout
the filtration process.
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The removal of PPCPs solely through biodegradation is often unsatisfactory (Li et
al., 2018; Pompei et al., 2017). Although adsorption by sand media may play a role, its
effectiveness is often insignificant, and desorption may also occur because physical
adsorption is reversible (Rizzo et al., 2015). As sand is a non-porous material with a
small surface area, adsorption may be significantly enhanced by employing other
porous materials (e.g., activated carbon) as filtration media.

4.3 Other mechanisms

Besides direct adsorption onto the sand surface, PPCPs can also be adsorbed onto
the biomass/biofilm accumulated during filtration (Kennedy et al., 2013; McKie et al.,
2016). In general, biomass/biofilm is a mixture of water, microbes and their metabolic
products, making it slimy and gelatinous (Weber-Shirk and Dick, 1997). The bio-
sorption of PPCPs onto microbial surfaces and other relevant substances might also
occur, even if some PPCPs might not be easily biodegraded (e.g., diethyltoluamide).
However, this process is considered insignificant, especially for hydrophilic
compounds (Paredes et al., 2016). Zearley and Summers (2012) also observed that the
bio-sorption of PPCPs onto biomass was insignificant, and that the maximum biomass
adsorption capacity was reached within two hours of operation. In addition, light-
sensitive PPCPs (e.g., triclosan) may experience photodegradation when exposed to
direct light in the water or absorbed onto the upper surface of sand bed (Li et al., 2018).

PPCPs may also be indirectly removed along with the removal of particle
pollutants (Hollender et al., 2009). By screening and sedimentation, particle solids can
be retained in the filter (mainly at the upper layer). When PPCPs are adsorbed onto the
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surface of a material with a stronger adsorption capacity than sand, these pollutants do
not flow out in the effluent. However, few studies have focused on this aspect, and it is
difficult to draw reasonable conclusions.
5. Sand-GAC filtration technologies

Given the fact that removal of PPCPs during sand filtration varies considerably,
some studies aiming to enhance the adsorption process have been conducted, to
combine it with GAC, which has a large surface area (Babaei et al., 2019; Gabarron et
al., 2016). GAC, whose surface area can exceed 1,000 m?/g (Rossner et al., 2009), is a
porous medium that is widely used as an adsorbent in drinking water and tertiary
wastewater treatment processes worldwide (Dwivedi et al., 2018; Rizzo et al., 2015; Yu
et al., 2022). Compared to sand, GAC provides a much larger surface area for physical
adsorption if no specific functional groups exist (Li et al., 2018), as well as for chemical
adsorption when functional groups (e.g., carboxyls, lactones, aldehydes, ketones) exist
(Jung et al., 2001). Nevertheless, as GAC is more expensive than sand, single GAC
adsorption in water treatment units may be not affordable in LMICs. Therefore,
combining GAC with sand filtration can provide an optional solution. However, when
sand filtration is combined with GAC unit/part, changes of operational parameters are
sometimes necessary (e.g., change of filtration rate to better suit GAC filtration). In the
sections that follow, three types of sand-GAC filtration technologies are reviewed:
serial, dual and sandwich filters.
5.1 Serially connected filters

A typical serially connected sand-GAC filtration system consists of a front sand
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filter unit with a GAC tank behind it (Fig. 4). Solid pollutants are filtered in the sand
tank and further adsorption occurs in the GAC unit. A pilot-scale study was conducted
using serially connected sand-GAC filtration (media parameters not shown) to treat 12
PPCPs from tertiary-treated wastewater (Gidstedt et al., 2022). PPCP removal
decreased with the increase in the filtration rate (empty bed contact time, EBCT: 5~30
min; removal data in sand filter not shown). Rizzo et al. (2015) observed that less than
10% of four tested PPCPs (namely caffeine, carbamazepine, ibuprofen and diclofenac,
1 mg/L) were removed from WWTP biological effluent through sand filtration
(effective size of 0.6 mm) during a 62-day operation (EBCT: 75 min); in contrast, the
GAC reactor (surface area of 875 m?/g) achieved a maximum removal of 62 % at the
start of the process, which subsequently decreased to 24% constantly after 14 hours.
Paredes et al. (2016) used coarse sand (particle size of 1~2 mm) and GAC (surface area
not specified) to remove 18 PPCPs (EBCT: 17 min~3.2 d) and observed an
improvement in effluent quality. Compared to sand, the removal of organic matter,
ammonium and nitrate improved with GAC. Furthermore, carbamazepine, diazepam
and diclofenac were only removed through adsorption by GAC. No influence of
filtration rate or type of secondary effluent was observed on GAC performance. With
respect to drinking water treatment, Gabarron et al. (2016) investigated the removal of
49 PPCPs in a drinking water treatment plant (water velocity of up to 3 m?/s), finding
that GAC filtration was one of the most efficient technologies, whereas the efficacy of
sand filtration (parameters not specified) varied considerably (0~100%).

5.2 Dual-layer filters
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The treatment of PPCPs using dual-layer sand-GAC (sand above GAC) filters is
not common. Babaei et al. (2019) reported that 86.7% of linear alkylbenzene sulfonate
was removed through dual-layer sand-GAC filtration (EBCT: 50~100 min). In contrast,
dual-media filtration of GAC-sand (GAC above sand) mode is more used (Fig. 4). A
pilot-scale drinking water treatment plant using ozonated lake water was evaluated by
McKie et al. (2016). The dual-layer filters (EBCT: 16 min) comprised 50~150 cm GAC
(surface area not specified) over 15~50 cm of sand (effective size not specified). Two
of the nine PPCPs evaluated in this study had a removal of more than 50% (average
removal of 39 %) without coagulation. By adding polyaluminum hydroxychloride in
the concentration of 0.2 to 0.8 mg AI’*/L, the average removal of the target PPCPs
increased from 45 % to 70 %. Altmann et al. (2016) compared a dual-layer filter (GAC-
sand, downflow) with a monolayer GAC filter (upflow) for removing various PPCPs
(e.g., gabapentin) from wastewater (6 m/h). The dual-layer filter comprised a 1.4 m
GAC layer (surface area not specified) and a 0.6 m quartz sand layer (0.7~1.1 mm).
Both filters exhibited similar removal for most PPCPs. Well-adsorbing compounds,
such as carbamazepine and benzotriazole, were reduced by almost 40% at 25,000-bed
volumes. Ma et al. (2018) investigated PPCP removal (e.g., atenolol) using GAC-sand
filters and anthracite-sand filters (4.88-9.76 m/h, media parameters not specified). A
higher mean removal of 49.1~94.4% was achieved using GAC-sand filters compared
to a removal of 0~66.1% using anthracite-sand filters due to a combination of
adsorption and biodegradation mechanisms. Although these studies indicate that better
removal can be achieved through GAC-sand filtration than sand filtration alone, putting

26



585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

GAC above the sand may cause quick clogging of GAC micropores owing to the
screening of particles and the growth of biofilms on the GAC top layer, which reduce
the inherent advantages associated with the high adsorption performance of GAC (Li,
2019).

5.3 GAC-sand sandwich filter

A typical sandwich-layer filter consists of an upper sand layer, a middle GAC layer
and a lower sand layer (Fig. 5). GAC sandwich filters were was first designed and tested
by M. Bauer (Thames Water Utilities Ltd., United Kingdom) to eliminate pesticides
that could not be removed through SSFs, while avoiding constructing extra GAC
contactors (Bauer et al., 1996). Each layer has a specific function in this design: the
upper sand layer acts as the primary screener and provides a suitable medium for
schmutzdecke growth. The contaminants that are not degraded in the upper sand layer
are adsorbed onto the middle GAC layer. The last lower sand layer acts as a supporting
layer to minimise the potential of biological entities and GAC fines from entering the
effluents. In this study, none of the 20 target pesticides were detected in the effluent
using the GAC sandwich SSF, whereas various pesticides were detected in the effluent
of the SSF control.

The removal of four PPCPs (diethyltoluamide, acetaminophen, caffeine and
triclosan) from synthetic wastewater using GAC sandwich SSF at various GAC
proportion and filtration rates were explored by Li et al. (2018). An average removal of
98.2% was achieved at a filtration rate of 10 cm/h using a 10cm sand/20 cm
GAC/20 cm sand filter, making a significant difference in the removal performance
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compared to that using conventional SSF (p<0.05). In addition, no significant
difference for PPCP removal (p >0.05) at 10 cm/h and 20 cm/h filtration rates further
demonstrated the flexibility of this technology. The application of GAC sandwich SSF
following constructed wetland system has been successfully implemented to remove
PPCPs from natural water (Li et al., 2019). Good performance of GAC sandwich SSF
(0.06 m/h) in removing antibiotics was also observed by Xu et al. (2021). An average
removal of 97 £ 2% was achieved for amoxicillin, clarithromycin, oxytetracycline,
sulfamethoxazole, and trimethoprim, compared to a removal of just 20 £ 19% with
conventional SSF.

The studies discussed above demonstrate that sand-GAC filtration technologies
significantly improve the PPCP removal, and GAC-sand sandwich filters provide better
performance. However, the investigations on GAC-sand sandwich filters have only
been conducted at the laboratory-scale, whereas most studies on serially connected and
dual-layer sand-GAC filters have been carried out at larger-scales. The filter
configurations, media properties, inflow water quality and operational conditions could
lead to considerable PPCP removal differences. Although the available research on
sand-GAC filtration is limited, the enhanced PPCP removal performance indicates that
these technologies have great potentials to effectively remove PPCPs.

In practice, choosing a suitable sand or sand-GAC filtration technology for PPCP
removal depends on various factors such as the capital costs, materials, inflow water
quality and maintenance requirements (Li, 2019). Although GAC can enhance the
PPCP removal through SSF, the service life of GAC also needs to be considered, as it
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varies considerably (from several weeks to years) with the filtration mode and rate,
influent type and pH, GAC type, surface area and size (Bayer et al., 2005; Kennedy et
al., 2015; Zearley and Summers, 2012). Generally, the GAC breakthrough of PPCPs
comes earlier in treating wastewater than in treating drinking water. This is because of
the adsorption competition associated with higher concentrations of low molecular
weight acids and neutral organics in wastewater (Zietzschmann et al., 2016). At the end
of GAC service life, reactivation for regeneration of GAC is needed, among which
thermal and chemical ways are the two commonly used processes (Haig et al., 2014;
Lantagne et al., 2006). However, compared to the scraping and washing strategies used
for sand cleaning, GAC reactivation processes are expensive (Li, 2019). Therefore, the
operation and maintenance costs should also be considered when selecting an
appropriate filtration technology.

6. Future considerations on the application of sand filtration for PPCP removal

Sand and sand-GAC filtration technologies have potential for practical application
in PPCP removal. To enhance the understanding of PPCP removal, the authors
recommend the need for further investigations as follows.

Exploration of PPCP removal under different operational conditions for a wider range
of PPCPs. Currently, more data are needed to enable valid comparisons between various
filter types, influent quality and experimental scales. Besides, owing to the development of
detection technology and quantification methods, more than a hundred of PPCPs can now
be detected simultaneously, and various new PPCPs have been investigated (e.g.,
glucocorticoids, mineralocorticoids) (Archer et al., 2017; Weizel et al., 2018; Yang et al.,
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2018). Therefore, to allow relevant comparisons, future research could investigate removal
of more PPCPs through sand filtration under different operational conditions.

A deeper understanding is required of the PPCP removal mechanisms through
biodegradation. As biodegradation is complex, the pathways (transformation or
accumulation) of PPCPs in microbial metabolism are worth investigating. Moreover,
although the schmutzdecke is responsible for most of the biodegradation in BSF and SSF,
microbial activity has also been observed with the increase in the sand bed depth (Huisman
and Wood, 1974; Nakhla and Farooq, 2003). It can be speculated that biodegradation of
different PPCP categories/groups occurs at various depths of the filter bed due to the
preference of the microbial community. This knowledge may help in filter design since
some PPCPs are removed more under anaerobic/oxic conditions (Suarez et al., 2010).

In the studies conducted by Pompei et al. (2022) and Li et al. (2019), spiked PPCPs
in the influent were found to affect the microbial community structure. As some
microbes are sensitive to the toxicity induced by spiked PPCPs, the composition of the
schmutzdecke and deeper microbial community may be negatively affected by high or
long-term input of PPCPs, thereby reducing the filter performance and deteriorating the
water quality. Therefore, the long-term filter performance during PPCP removal may
be an interesting subject of future research.

Considering the adsorption mechanism, the current findings indicate that PPCP
removal does not always correlate with log Kow. Although adsorption is not the dominant
removal mechanism, the incorporation of GAC in sand-GAC filters significantly enhances
PPCP removal. But sorption is a dynamic adsorption/desorption process and competitive
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adsorption may occur (Conkle et al., 2010; Rizzo et al., 2015; Xing et al., 2008; Zhang
and Zhou, 2005). Moreover, other factors (e.g., biodegradation and hydraulic conditions)
may also influence the adsorption process. Therefore, the factors and mechanisms
influencing PPCP adsorption during sand filtration require further investigation.

Besides GAC, other materials (e.g., woodchips and clay) have also been combined
with sand for water purification. Therefore, it is suggested to review their performance
for PPCP removal in the future. Theoretically, increasing the filtration media surface area
would enhance PPCP removal. The manufacture of advanced porous materials is thus an
option for future consideration. In addition, the combination of sand filtration with other
technologies, such as ozonation (Hollender et al., 2009), coagulation (Racar et al., 2019),
membrane filtration (Zahrim and Hilal, 2013), has been successfully implemented,
demonstrating the compatibility and flexibility of sand filtration. Therefore, future
investigations on the use of advanced materials in sand filtration and the combination of
sand filtration with other technologies for PPCP removal are suggested.

7. Conclusion

This paper reviewed the recent progress in sand and sand-GAC filtration
technologies for PPCP removal from water. Overall, SSF and BSF provide better PPCP
removal than RSF. Although some PPCPs are easier to be eliminated through sand
filtration (e.g., ibuprofen compared to carbamazepine), most PPCPs exhibit highly
variable removal. Differences in the influent water quality, experimental scale, initial
PPCP concentration and operational conditions limit detailed comparisons.

Biodegradation in the schmutzdecke and upper sand layer is the main PPCP
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removal mechanism, and HRT is the key factor that influences biodegradation.
Conversely, contact with PPCPs might affect the microbial community in the filter.
Adsorption is generally excluded from the dominant mechanisms and PPCP removal
does not always correlate with their hydrophilicity/hydrophobicity; van der Waals
forces and electrostatic attraction contribute to the adsorption. Besides these two
mechanisms, other processes such as bio-sorption may also contribute to PPCP removal.
To enhance PPCP removal through adsorption, the porous material GAC has been
combined with conventional sand as sand-GAC filtration technologies. Serial, dual, and
sandwich filters provide significant PPCP removal improvements.

Further research is recommended along several relevant strands: explore the
influence of different operational conditions on the removal of a broader range of
PPCPs; attain a deeper understanding of different removal mechanisms; investigate
filter performance over long-term operation; and evaluate the compatibility and
compare the effectiveness of sand filtration with other water treatment technologies and
materials for PPCP removal.

8. Conlflict of interests: None
9. Acknowledgement

Jianan Li was sponsored by the Qingdao University of Technology Talent Scheme

(2003/20500203, 2003/20501084).

10. References

Ahammed, M.M., Davra, K., 2011. Performance evaluation of biosand filter modified
with iron oxide-coated sand for household treatment of drinking water.

32



717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

Desalination 276, 287-293. https://doi.org/10.1016/j.desal.2011.03.065

Altmann, J., Rehfeld, D., Trader, K., Sperlich, A., Jekel, M., 2016. Combination of
granular activated carbon adsorption and deep-bed filtration as a single advanced
wastewater treatment step for organic micropollutant and phosphorus removal.
Water Res. 92, 131-139. https://doi.org/10.1016/j.watres.2016.01.051

Andreoli, F.C., Sabogal-Paz, L.P., 2020. Household slow sand filter to treat
groundwater with microbiological risks in rural communities. Water Res. 186,
116352. https://doi.org/10.1016/j.watres.2020.116352

Archer, E., Petrie, B., Kasprzyk-Hordern, B., Wolfaardt, G.M., 2017. The fate of
pharmaceuticals and personal care products (PPCPs), endocrine disrupting
contaminants (EDCs), metabolites and illicit drugs in a WWTW and
environmental waters. Chemosphere 174, 437-446.
https://doi.org/10.1016/j.chemosphere.2017.01.101

Arndt, R.E., Wagner, E.J., 2003. Filtering Myxobolus cerebralis Triactinomyxons
from contaminated water using rapid sand filtration. Aquac. Eng. 29, 77-91.
https://doi.org/10.1016/j.aquaeng.2003.05.001

Asami, T., Katayama, H., Torrey, J.R., Visvanathan, C., Furumai, H., 2016.
Evaluation of virus removal efficiency of coagulation-sedimentation and rapid
sand filtration processes in a drinking water treatment plant in Bangkok,
Thailand. Water Res. 101, 84-94. https://doi.org/10.1016/j.watres.2016.05.012

Babaei, F., Ehrampoush, M.H., Eslami, H., Ghaneian, M.T., Fallahzadeh, H., Talebi,
P., Fard, R.F., Ebrahimi, A.A., 2019. Removal of linear alkylbenzene sulfonate

33



739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

and turbidity from greywater by a hybrid multi-layer slow sand filter
microfiltration ultrafiltration system. J. Clean. Prod. 211, 922-931.
https://doi.org/10.1016/j.jclepro.2018.11.255

Baig, S.A., Mahmood, Q., Nawab, B., Shafgat, M.N., Pervez, A., 2011. Improvement
of drinking water quality by using plant biomass through household biosand
filter — A decentralized approach. Ecol. Eng. 37, 1842-1848.
https://doi.org/10.1016/j.ecoleng.2011.06.011

Bar-Zeev, E., Belkin, N., Liberman, B., Berman, T., Berman-Frank, I., 2012. Rapid
sand filtration pretreatment for SWRO: Microbial maturation dynamics and
filtration efficiency of organic matter. Desalination 286, 120-130.
https://doi.org/10.1016/j.desal.2011.11.010

Bauer, M., Buchanan, B., Colbourne, J., Foster, D., Goodman, N., Kay, A., Rachwal,
A., Sanders, T., 1996. The GAC/slow sand filter sandwich - From concept to
commissioning. Water Supply 14, 159-175.

Bayer, P., Heuer, E., Karl, U., Finkel, M., 2005. Economical and ecological
comparison of granular activated carbon (GAC) adsorber refill strategies. Water
Res. 39, 1719-1728. https://doi.org/10.1016/j.watres.2005.02.005

Berg, G., Dean, R.B., Dahling, D.R., 1968. Removal of Poliovirus 1 From Secondary
Effluents by Lime Flocculation and Rapid Sand Filtration. J. Am. Water Works
Assoc. 60, 193-198. https://doi.org/10.1002/j.1551-8833.1968.th03533.x

Bowles, B.A., Drew, W.M., Hirth, G., 1983. The application of the slow sand
filtration process to the treatment of small town water supplies., in: Australian

34



761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

Water and Wastewater Association Federal Convention, 10. State Rivers and
Water Supply Commission of Victoria, p. 1.

Caldas, S.S., Arias, J.L.O., Rombaldi, C., Mello, L.L., Cerqueira, M.B.R., Martins,
A.F., Primel, E.G., 2019. Occurrence of pesticides and PPCPs in surface and
drinking water in southern Brazil: Data on 4-year monitoring. J. Braz. Chem.
Soc. 30, 71-80. https://doi.org/10.21577/0103-5053.20180154

Campos, L.C., Su, M.F.J., Graham, N.J.D., Smith, S.R., 2002. Biomass development
in slow sand filters. Water Res. 36, 4543-4551. https://doi.org/10.1016/S0043-
1354(02)00167-7

Casey, Thomas Joseph, Casey, T J, 1997. Unit treatment processes in water and
wastewater engineering, Choice Reviews Online. Wiley Chichester.
https://doi.org/10.5860/choice.35-2133

Chen, H., Li, X., Zhu, S., 2012. Occurrence and distribution of selected
pharmaceuticals and personal care products in aquatic environments: A
comparative study of regions in China with different urbanization levels.
Environ. Sci. Pollut. Res. 19, 2381-2389. https://doi.org/10.1007/s11356-012-
0750-2

Clyde, P.M., Lee, C.S., Price, R.E., Venkatesan, A.K., Brownawell, B.J., 2021.
Occurrence and removal of PPCPs from on-site wastewater using nitrogen
removing biofilters. Water Res. 206, 117743.
https://doi.org/10.1016/j.watres.2021.117743

Conkle, J.L., Gan, J., Anderson, M.A., 2012. Degradation and sorption of commonly

35



783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

detected PPCPs in wetland sediments under aerobic and anaerobic conditions. J.
Soils Sediments 12, 1164-1173. https://doi.org/10.1007/s11368-012-0535-8

Conkle, J.L., Lattao, C., White, J.R., Cook, R.L., 2010. Competitive sorption and
desorption behavior for three fluoroquinolone antibiotics in a wastewater
treatment wetland soil. Chemosphere 80, 1353-1359.
https://doi.org/10.1016/j.chemosphere.2010.06.012

D’Alessio, M., Yoneyama, B., Kirs, M., Kisand, V., Ray, C., 2015. Pharmaceutically
active compounds: Their removal during slow sand filtration and their impact on
slow sand filtration bacterial removal. Sci. Total Environ. 524-525, 124-135.
https://doi.org/10.1016/j.scitotenv.2015.04.014

Daughton, C.G., Ternes, T.A., 1999. Pharmaceuticals and personal care products in
the environment: Agents of subtle change? Environ. Health Perspect. 107, 907—
938. https://doi.org/10.1289/ehp.99107s6907

Dwivedi, K., Morone, A., Chakrabarti, T., Pandey, R.A., 2018. Evaluation and
optimization of Fenton pretreatment integrated with granulated activated carbon
(GAC) filtration for carbamazepine removal from complex wastewater of
pharmaceutical industry. J. Environ. Chem. Eng. 6, 3681-3689.
https://doi.org/10.1016/j.jece.2016.12.054

Elliott, M.A., DiGiano, F.A., Sobsey, M.D., 2011. Virus attenuation by microbial
mechanisms during the idle time of a household slow sand filter. Water Res. 45,
4092-4102. https://doi.org/10.1016/j.watres.2011.05.008

Elliott, M.A., Stauber, C.E., Koksal, F., DiGiano, F.A., Sobsey, M.D., 2008.

36



805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

Reductions of E. coli, echovirus type 12 and bacteriophages in an intermittently
operated household-scale slow sand filter. Water Res. 42, 2662—2670.
https://doi.org/10.1016/j.watres.2008.01.016

Ellis, K., Wood, W.E., 1985. Slow sand filtration. Crit. Rev. Environ. Sci. Technol.
15, 315-354.

Escola Casas, M., Bester, K., 2015. Can those organic micro-pollutants that are
recalcitrant in activated sludge treatment be removed from wastewater by biofilm
reactors (slow sand filters)? Sci. Total Environ. 506-507, 315-322.
https://doi.org/10.1016/j.scitotenv.2014.10.113

Escola Casas, M., Larzabal, E., Matamoros, V., 2022. Exploring the usage of artificial
root exudates to enhance the removal of contaminants of emerging concern in
slow sand filters: Synthetic vs. real wastewater conditions. Sci. Total Environ.
824, 153978. https://doi.org/10.1016/j.scitotenv.2022.153978

Fu, J., Lee, W.N., Coleman, C., Nowack, K., Carter, J., Huang, C.H., 2019. Removal
of pharmaceuticals and personal care products by two-stage biofiltration for
drinking water treatment. Sci. Total Environ. 664, 240-248.
https://doi.org/10.1016/j.scitotenv.2019.02.026

Gabarron, S., Gernjak, W., Valero, F., Barcelo, A., Petrovic, M., Rodriguez-Roda, 1.,
2016. Evaluation of emerging contaminants in a drinking water treatment plant
using electrodialysis reversal technology. J. Hazard. Mater. 309, 192—-201.
https://doi.org/10.1016/j.jhazmat.2016.02.015

Gidstedt, S., Betsholtz, A., Falas, P., Cimbritz, M., Davidsson, A., Micolucci, F.,

37



827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

Svahn, O., 2022. A comparison of adsorption of organic micropollutants onto
activated carbon following chemically enhanced primary treatment with
microsieving, direct membrane filtration and tertiary treatment of municipal
wastewater. Sci. Total Environ. 811.
https://doi.org/10.1016/j.scitotenv.2021.152225

Haig, S.-J., Quince, C., Davies, R.L., Dorea, C.C., Collins, G., 2014. Replicating the
microbial community and water quality performance of full-scale slow sand
filters in laboratory-scale filters. Water Res. 61, 141-151.
https://doi.org/10.1016/j.watres.2014.05.008

Haig, S.J., Collins, G., Dorea, R.L.D.C.C., Quince, C., 2011. Biological Aspects of
Slow Sand Filtration : Past , Present and Future. Water Sci. Technol. Water
Supply 11, 468-472. https://doi.org/10.2166/ws.2011.076

Haig, S.J., Gauchotte-Lindsay, C., Collins, G., Quince, C., 2016. Bioaugmentation
Mitigates the Impact of Estrogen on Coliform-Grazing Protozoa in Slow Sand
Filters. Environ. Sci. Technol. 50, 3101-3110.
https://doi.org/10.1021/acs.est.5b05027

Haig, S.J., Quince, C., Davies, R.L., Dorea, C.C., Collinsa, G., 2015. The relationship
between microbial community evenness and function in slow sand filters. MBio
6, e00729-15. https://doi.org/10.1128/mBi0.00729-15

Halling-Sorensen, B., Nielsen, S.N., Lanzky, P.F., Ingerslev, F., Holten Lutzhoft,
H.C., S.E., J., 1998. Occurence, fate and effects of pharmaceuticals substance in
the environment - A review. Chemosphere 36, 357-393.

38



849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

https://doi.org/http://dx.doi.org/10.1016/S0045-6535(97)00354-8

Heinonen-Tanski, H., Juntunen, P., Rajala, R., Haume, E., Niemel&, A., 2003. Costs
of tertiary treatment of municipal wastewater by rapid sand filter with coagulants
and UV. Water Sci. Technol. Water Supply 3, 145-152.
https://doi.org/10.2166/ws.2003.0056

Hollender, J., Zimmermann, S.G., Koepke, S., Krauss, M., Mcardell, C.S., Ort, C.,
Singer, H., Von Gunten, U., Siegrist, H., 2009. Elimination of organic
micropollutants in a municipal wastewater treatment plant upgraded with a full-
scale post-ozonation followed by sand filtration. Environ. Sci. Technol. 43,
7862—-7869. https://doi.org/10.1021/es9014629

Huisman, L., Wood, W.E., 1974. Slow sand filtration. World Health Organization
Geneva.

Hwang, H.G., Kim, M.S., Shin, S.M., Hwang, C.W., 2014. Risk assessment of the
schmutzdecke of biosand filters: Identification of an opportunistic pathogen in
schmutzdecke developed by an unsafe water source. Int. J. Environ. Res. Public
Health 11, 2033-2048. https://doi.org/10.3390/ijerph110202033

Jenkins, M.W., Tiwari, S.K., Darby, J., 2011. Bacterial, viral and turbidity removal by
intermittent slow sand filtration for household use in developing countries:
Experimental investigation and modeling. Water Res. 45, 6227-6239.
https://doi.org/10.1016/j.watres.2011.09.022

Jung, M\W., Ahn, K.H., Lee, Y., Kim, K.P., Rhee, J.S., Park, J.T., Paeng, K.J., 2001.
Adsorption characteristics of phenol and chlorophenols on granular activated

39



871 carbons (GAC). Microchem. J. 70, 123-131. https://doi.org/10.1016/S0026-
872 265X(01)00109-6

873 Kallenborn, R., Brorstrom-Lundén, E., Reiersen, L.O., Wilson, S., 2018.

874 Pharmaceuticals and personal care products (PPCPs) in Arctic environments:
875 indicator contaminants for assessing local and remote anthropogenic sources in a
876 pristine ecosystem in change. Environ. Sci. Pollut. Res. 25, 33001-33013.

877 https://doi.org/10.1007/s11356-017-9726-6

878  Kennedy, A.M., Reinert, A.M., Knappe, D.R.U., Ferrer, I., Summers, R.S., 2015.
879 Full- and pilot-scale GAC adsorption of organic micropollutants. Water Res. 68,
880 238-248. https://doi.org/10.1016/j.watres.2014.10.010

881  Kennedy, T.J., Anderson, T. a, Hernandez, E.A., Morse, A.N., 2013. Assessing an

882 intermittently operated household scale slow sand filter paired with household
883 bleach for the removal of endocrine disrupting compounds. J. Environ. Sci.
884 Health. A. Tox. Hazard. Subst. Environ. Eng. 48, 753-9.

885 https://doi.org/10.1080/10934529.2013.744616

886  Kim, I., Tanaka, H., 2009. Photodegradation characteristics of PPCPs in water with
887 UV treatment. Environ. Int. 35, 793-802.

888 https://doi.org/10.1016/j.envint.2009.01.003

889  Kirishnan, R.Y., Manikandan, S., Subbaiya, R., Biruntha, M., Govarthanan, M.,

890 Karmegam, N., 2021. Removal of emerging micropollutants originating from
891 pharmaceuticals and personal care products (PPCPs) in water and wastewater by
892 advanced oxidation processes: A review. Environ. Technol. Innov. 23, 101757.

40



893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

https://doi.org/10.1016/j.eti.2021.101757

Kulkarni, P., Raspanti, G.A., Bui, A.Q., Bradshaw, R.N., Kniel, K.E., Chiu, P.C.,
Sharma, M., Sapkota, A., Sapkota, A.R., 2019. Zerovalent iron-sand filtration
can reduce the concentration of multiple antimicrobials in conventionally treated
reclaimed water. Environ. Res. 172, 301-309.
https://doi.org/10.1016/j.envres.2019.02.012

Kimmerer, K., 2003. Significance of antibiotics in the environment. J. Antimicrob.
Chemother. 52, 5-7. https://doi.org/10.1093/jac/dkg293

Lantagne, D., Quick, R., Mintz, E., 2006. Household water treatment and safe storage
options in developing countries: a review of current implementation practices.
Woodrow Wilson Q. 99, 17-38.

Li, J., 2019. Removal of selected pharmaceuticals and personal care products using
greater duckweed constructed wetland followed by GAC sandwich slow sand
filter. University College London.

Li, J., Cheng, W., Xu, L., Jiao, Y., Baig, S.A., Chen, H., 2016. Occurrence and
removal of antibiotics and the corresponding resistance genes in wastewater
treatment plants: effluents’ influence to downstream water environment.
Environ. Sci. Pollut. Res. 23. https://doi.org/10.1007/s11356-015-5916-2

Li, J., Han, X., Brandt, B.W., Zhou, Q., Ciric, L., Campos, L.C., 2019. Physico-
chemical and biological aspects of a serially connected lab-scale constructed
wetland-stabilization tank-GAC slow sand filtration system during removal of
selected PPCPs. Chem. Eng. J. 369, 1109-1118.

41



915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

https://doi.org/10.1016/j.cej.2019.03.105

Li, J., Zhou, Q., Campos, L.C., 2018. The application of GAC sandwich slow sand
filtration to remove pharmaceutical and personal care products. Sci. Total
Environ. 635, 1182-1190. https://doi.org/10.1016/j.scitotenv.2018.04.198

Li, J., Zhou, Q., Campos, L.C., 2017. Removal of selected emerging PPCP
compounds using greater duckweed ( Spirodela polyrhiza ) based lab-scale free
water constructed wetland. Water Res. 126, 252—261.
https://doi.org/10.1016/j.watres.2017.09.002

Li, W., Nanaboina, V., Zhou, Q., Korshin, G. V., 2012. Effects of Fenton treatment on
the properties of effluent organic matter and their relationships with the
degradation of pharmaceuticals and personal care products. Water Res. 46, 403—
412. https://doi.org/10.1016/j.watres.2011.11.002

Li, Y., Zhu, G., Ng, W.J., Tan, S.K., 2014. A review on removing pharmaceutical
contaminants from wastewater by constructed wetlands: Design, performance
and mechanism. Sci. Total Environ. 468-469, 908-932.
https://doi.org/10.1016/j.scitotenv.2013.09.018

Lin, T., Yu, S., Chen, W., 2016. Occurrence, removal and risk assessment of
pharmaceutical and personal care products (PPCPs) in an advanced drinking
water treatment plant (ADWTP) around Taihu Lake in China. Chemosphere 152,
1-9. https://doi.org/10.1016/j.chemosphere.2016.02.109

Liu, J.L., Wong, M.H., 2013. Pharmaceuticals and personal care products (PPCPs): A
review on environmental contamination in China. Environ. Int. 59, 208—-224.

42



937 https://doi.org/10.1016/j.envint.2013.06.012

938  Ma, B., Arnold, W.A., Hozalski, R.M., 2018. The relative roles of sorption and

939 biodegradation in the removal of contaminants of emerging concern (CECs) in
940 GAC-sand biofilters. Water Res. 146, 67—76.
941 https://doi.org/10.1016/j.watres.2018.09.023

942  Majdi, H.S., Jaafar, M.S., Abed, A.M., 2019. Using KDF material to improve the

943 performance of multi-layers filters in the reduction of chemical and biological
944 pollutants in surface water treatment. South African J. Chem. Eng. 28, 39-45.
945 https://doi.org/10.1016/j.sajce.2019.01.003

946  Matamoros, V., Arias, C., Brix, H., Bayona, J.M., 2009. Preliminary screening of

947 small-scale domestic wastewater treatment systems for removal of
948 pharmaceutical and personal care products. Water Res. 43, 55-62.
949 https://doi.org/10.1016/j.watres.2008.10.005

950  Matamoros, V., Arias, C., Brix, H., Bayona, J.M., 2007. Removal of pharmaceuticals

951 and personal care products (PPCPs) from urban wastewater in a pilot vertical
952 flow constructed wetland and a sand filter. Environ. Sci. Technol. 41, 8171—
953 8177. https://doi.org/10.1021/es071594+

954  McKie, M.J., Andrews, S.A., Andrews, R.C., 2016. Conventional drinking water

955 treatment and direct biofiltration for the removal of pharmaceuticals and artificial
956 sweeteners: A pilot-scale approach. Sci. Total Environ. 544, 10-17.
957 https://doi.org/10.1016/j.scitotenv.2015.11.145

958  Mendoza-Espinosa, L., Stephenson, T., 1999. A Review of Biological Aerated Filters

43



959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

(BAFs) for Wastewater Treatment. Environ. Eng. Sci. 16, 201-216.
https://doi.org/10.1089/ees.1999.16.201

Moldovan, Z., 2006. Occurrences of pharmaceutical and personal care products as
micropollutants in rivers from Romania. Chemosphere 64, 1808-1817.
https://doi.org/10.1016/j.chemosphere.2006.02.003

Moreira Neto, R.F., Calijuri, M.L., Carvalho, I1.D.C., Santiago, A.D.F., 2012.
Rainwater treatment in airports using slow sand filtration followed by
chlorination: Efficiency and costs. Resour. Conserv. Recycl. 65, 124-129.
https://doi.org/10.1016/j.resconrec.2012.06.001

Nakada, N., Shinohara, H., Murata, A., Kiri, K., Managaki, S., Sato, N., Takada, H.,
2007. Removal of selected pharmaceuticals and personal care products (PPCPs)
and endocrine-disrupting chemicals (EDCs) during sand filtration and ozonation
at a municipal sewage treatment plant. Water Res. 41, 4373-4382.
https://doi.org/10.1016/j.watres.2007.06.038

Nakhla, G., Farooq, S., 2003. Simultaneous nitrification-denitrification in slow sand
filters. J. Hazard. Mater. 96, 291-303. https://doi.org/10.1016/S0304-
3894(02)00219-4

Narayanan, M., El-sheekh, M., Ma, Y., Pugazhendhi, A., Natarajan, D., Kandasamy,
G., Raja, R., Saravana Kumar, R.M., Kumarasamy, S., Sathiyan, G., Geetha, R.,
Paulraj, B., Liu, G., Kandasamy, S., 2022. Current status of microbes involved in
the degradation of pharmaceutical and personal care products (PPCPs) pollutants
in the aquatic ecosystem. Environ. Pollut. 300, 118922.

44



981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

https://doi.org/10.1016/j.envpol.2022.118922

Paredes, L., Fernandez-Fontaina, E., Lema, J.M., Omil, F., Carballa, M., 2016.
Understanding the fate of organic micropollutants in sand and granular activated
carbon biofiltration systems. Sci. Total Environ. 551-552, 640-648.
https://doi.org/10.1016/j.scitotenv.2016.02.008

Pompei, C.M.E., Campos, L.C., da Silva, B.F., Fogo, J.C., Vieira, E.M., 20109.
Occurrence of PPCPs in a Brazilian water reservoir and their removal efficiency
by ecological filtration. Chemosphere 226, 210-2109.
https://doi.org/10.1016/j.chemosphere.2019.03.122

Pompei, C.M.E., Campos, L.C., Vieira, E.M., Tucci, A., 2022. The impact of
micropollutants on native algae and cyanobacteria communities in ecological
filters during drinking water treatment. Sci. Total Environ. 822, 153401.
https://doi.org/https://doi.org/10.1016/j.scitotenv.2022.153401

Pompei, C.M.E., Ciric, L., Canales, M., Karu, K., Vieira, E.M., Campos, L.C., 2017.
Influence of PPCPs on the performance of intermittently operated slow sand
filters for household water purification. Sci. Total Environ. 581-582, 174-185.
https://doi.org/10.1016/j.scitotenv.2016.12.091

Racar, M., Dolar, D., Farkas, M., Mil¢i¢, N., Spehar, A., Kosuti¢, K., 2019. Rendering
plant wastewater reclamation by coagulation, sand filtration, and ultrafiltration.
Chemosphere 227, 207-215. https://doi.org/10.1016/j.chemosphere.2019.04.045

Reungoat, J., Escher, B.I., Macova, M., Keller, J., 2011. Biofiltration of wastewater
treatment plant effluent: Effective removal of pharmaceuticals and personal care

45



1003 products and reduction of toxicity. Water Res. 45, 2751-2762.
1004 https://doi.org/10.1016/j.watres.2011.02.013

1005  Ribeiro, A.R., Sures, B., Schmidt, T.C., 2018. Ecotoxicity of the two veterinarian

1006 antibiotics ceftiofur and cefapirin before and after photo-transformation. Sci.
1007 Total Environ. 619-620, 866—873.
1008 https://doi.org/10.1016/j.scitotenv.2017.11.109

1009  Richter, D., Massmann, G., Dunnbier, U., 2008. Behaviour and biodegradation of

1010 sulfonamides (p-TSA, 0-TSA, BSA) during drinking water treatment.
1011 Chemosphere 71, 1574-1581.
1012 https://doi.org/https://doi.org/10.1016/j.chemosphere.2007.11.026

1013  Rizzo, L., Fiorentino, A., Grassi, M., Attanasio, D., Guida, M., 2015. Advanced

1014 treatment of urban wastewater by sand filtration and graphene adsorption for
1015 wastewater reuse: Effect on a mixture of pharmaceuticals and toxicity. J.
1016 Environ. Chem. Eng. 3, 122-128. https://doi.org/10.1016/j.jece.2014.11.011

1017  Rolph, C.A