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ABSTRACT

The choice of substrates with high phosphorus adsorption capacity is vital for sustainable phosphorus
removal from waste water in constructed wetlands. In this study, four substrates were used: quartz
sand, anthracite, shale and biological ceramsite. These substrate samples were characterized by X-
ray diffractometry and scanning electron microscopy studies for their mineral components (chemical
components) and surface characteristics. The dynamic experimental results revealed the following
ranking order for total phosphorus (TP) removal efficiency: anthracite > biological ceramsite > shale
> quartz sand. The adsorptive removal capacities for TP using anthracite, biological ceramsite, shale
and quartz sand were 85.87, 81.44, 59.65, and 55.98 mg/kg, respectively. Phosphorus desorption
was also studied to analyze the substrates’ adsorption efficiency in wastewater treatment as well
as the substrates’ ability to be reused for treatment. It was noted that the removal performance for
the different forms of phosphorus was dependent on the nature of the substrate and the adsorption
mechanism. A comparative analysis showed that the removal of particulate phosphorus was much
easier using shale. Whereas anthracite had the highest soluble reactive phosphorus (SRP) adsorptive
capacity, biological ceramsite had the highest dissolved organic phosphorus (DOP) removal capacity.
Phosphorus removal by shale and biological ceramsite was mainly through chemical adsorption,
precipitation or biological adsorption. On the other hand, phosphorus removal through physical
adsorption (electrostatic attraction or ion exchange) was dominant in anthracite and quartz sand.

Their widespread application is attributed to their low cap-

Introduction

ital investment and excellent pollutant removal efficiencies
(Sheng et al., 2012).

Constructed wetlands are natural treatment systems that
are characterized by the presence of substrate materials
and have become a common wastewater treatment option
over the last decade (Lazareva and Pichler, 2010). They are
regarded as ‘environmentally sensitive and cost-effective
treatment systems for wastewater renovation’ (Hench et
al., 2003). They can also be considered as ‘ecological
engineers’ (Tanner, 1996). As an ecological engineering
alternative to conventional and chemical methods, the use
of constructed wetlands is becoming increasingly popular.

* Corresponding author. E-mail: ylhe@sjtu.edu.cn

Phosphorus is one of the major factors in declining
water quality. In this regard, the effective removal of phos-
phorus from wastewaters has been of growing interest in
constructed wetland applications. The wetland ecosystem
is composed of the substrate, vegetation and microbial
communities. The substrate may play the greatest role and
could be the factor most amenable to control (Prochaska
and Zouboulis, 2006). Substrates capture high levels of
phosphorus and thus aid in realizing low phosphorus con-
centrations in the effluent. Phosphorus adsorption capacity

mainly depends on the type of substrates uged in construct-
ed wetlands (Karczmarczyk and Renman| 2011), as well
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as the substrates’ physical-chemical processes (Mateus et
al., 2012). Hence, the appropriate choice of substrates is
vital in adsorptive removal of phosphorus by means of
constructed wetlands (Mateus et al., 2012). It has generally
been found that some of these substrates have the potential
to enhance the phosphorus removal in constructed wetland
systems.

Quartz sand, biological ceramsite and shale are tra-
ditional environmental materials that display excellent
adsorption properties. Quartz sand is a stable silicate
mineral that is widely used as a substrate in water treatment
(Xu et al., 2012). In China, biological ceramsite is also
widely used as a substrate for constructed wetlands. Shale
is also used as a substrate in constructed wetlands. It
was reported that shale-based wetlands had 98%—-100%
phosphorus removal capacity (Mann, 1997). However,
their mechanism and performance in phosphorus removal
are different. The performance and value of anthracite in
its non-fuel uses are not only determined by the well-
developed surface area but also the type, number and
bonding mode of heteroatoms on the surface (Pietrzak
et al.,, 2007). As a traditional fuel material, anthracite’s
application as an adsorbent in phosphorus removal is a
new research field. Shale and biological ceramsite have
higher metal (Ca, Fe, Al or Mg) content as compared
to both anthracite and quartz sand. Chemical adsorption,
precipitation or biological adsorption mechanisms were
therefore responsible for phosphorus removal by shale
and biological ceramsite. On the other hand, physical
adsorption (electrostatic attraction or ion-exchange) was
dominant in anthracite and quartz sand.

This article comparatively analyzes the adsorption ca-
pacities of four kinds of substrates. In addition, it explores
and explains their different adsorption mechanisms. The
practical applicability of the substrates in wastewater was
analyzed experimentally under dynamic conditions.

1 Materials and methods

1.1 Materials

The four substrates (quartz sand, anthracite, shale and
biological ceramsite) were obtained from Henan Gongyi
Hualong Filter Factory, China. The substrates were washed
with distilled water to remove the surface-adhered parti-
cles. This was to ensure that there were no soluble salts that
could be dissolved during the batch studies. The substrates
were then dried in an oven at 105°C for 48 hr, to a constant
weight. Conversion of the substrates into fine powder was
later achieved by grinding with a mechanical grinder. A
20-mesh (850 um) particle size sieve was used to sieve
the samples, which were finally stored in a desiccator for
further use.

All reagents were of analytical grade, obtained from

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
In addition, all solutions were prepared using deionized
water. Stock solutions (1000 mg/L) of phosphorus were
prepared using anhydrous potassium dihydrogen phos-
phate (KH,POy) and used throughout the study. The pH
was pre-adjusted by HCI and NaOH solutions and mea-
sured using a pH meter with a combined pH electrode.
The concentrations of phosphorus were determined using
the ascorbic acid method with a UNICO spectropho-
tometer (US-2102 PCS) (Walter, 1961). To analyze the
phosphorus removal capacity and practical applicabili-
ty of the substrates, wastewater was obtained from the
Guangdong Heyuan Sewage Treatment Plant effluent. The
wastewater’s initial Total phosphorus (TP), total dissolved
phosphorus (TDP), particulate phosphorus (PP), soluble
reactive phosphorus (SRP) and dissolved organic phos-
phorus (DOP) concentrations were 2.0-2.5 mg/L, 1.5-2.0
mg/L, 0.2-0.5 mg/L, 1.5-2.0 mg/L, and 0.1-0.5 mg/L
respectively.

1.2 Phosphorus analysis

Total phosphorus in water can be divided into PP and
TDP. TDP can further be divided into inorganic (SRP)
and organic (DOP) components (Ellison and Brett, 2006).
These forms of phosphorus were determined and analyzed.
TP was determined after 30 min of autoclave-mediated
digestion (120°C, 100 kPa, with K;S,0g3 and H,SOj4) of
an unfiltered sample. The molybdenum-blue method was
employed for photometric TP analysis. A separate analysis
of TDP (a sample of 0.45-um filtrate was digested and
determined as in the TP analysis) was also conducted.
The PP was determined by subtracting the TDP from
TP (Rinker and Powell, 2006). SRP was also analyzed
using the molybdenum-blue method (Murphy and Riley,
1962). The sample was mixed with a reagent containing
ammonium molybdate, potassium tartrate and sulphuric
acid. Ascorbic acid was then added and a blue complex
formed. It was measured using a flow-through detector.
For the determination of TDP, organic phosphorus was
first oxidized to SRP with the addition of an alkaline
potassium persulfate reagent, coupled with heating and
UV oxidation. Polyphosphates were oxidized to SRP by
sulfuric acid digestion. The sample was then analyzed in a
similar manner to SRP. DOP was calculated by subtracting
SRP from TDP (Rinker and Powell, 2006). All the above
experiments were repeated and the average values used for
analysis.

1.3 SEM and XRD analyses

In order to understand more about the surface morphology,
microstructures and crystalline phases of the four sub-
strates, the samples were analyzed by scanning electron
microscopy (Nova NanoSEM 450, FEI, USA). The SEM

images for quartz sand and anthracite (Fig—ta—amdb)
revealed the characteristic morphologies pf irregular and
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Fig. 1 SEM images for quartz sand (a), anthracite (b), shale (c), biological ceramsite (d).

porous surfaces, indicating high surface areas. On the other
hand, the SEM images for shale and biological ceramsite
(Fig. 1c and d) revealed the characteristic morphology
of a densified surface and fewer pores. The observed
microstructures in the latter samples may be attributed to
the high metal content in the substrates.

In this study, mineral compositions (chemical compo-
sitions) for the four substrates were determined using
X-ray diffraction diffractometer (D8 ADVANCE, Bruker
AXS, UK). The samples were scanned for 26 ranging
from 20 to 90°. Identification of the minerals contained in
the sample was achieved by comparing the X-ray pattern
with a database (Joint Committee on Powder Diffraction
Standards-International Centre for Diffraction Data).

Figure 2a reveals quartz crystals (SiO,) as the predomi-
nant mineral of the quartz sand. On the other hand, Figure
2b indicates that anthracite was composed of fixed carbon
(crystals and amorphous) and amorphous matter. Figure
2¢ indicates that shale was composed of quartz (SiO,)
as well as massive crystals containing Al,O3 and Fe,0s.
Figure 2d indicates biological ceramsite was composed of
quartz (Si0,), massive crystals containing Al, Fe and Mg,
and other amorphous matter.

The differences in the microstructures and chemical
compositions were responsible for the differences in the
phosphorus adsorption capacities and mechanisms. The
physico-chemical properties of the substrates were the key
determinants for phosphorus adsorption.

1.4 Static experiments

The phosphorus static experiments, including the kinetic
studies, adsorption isotherms and desorption experiment,
were all carried out in batch experiments. A 100-mL
conical flasks containing the suspensions were capped and
shaken horizontally on a shaker equipped with a thermostat
at 120 revolutions per minute (rpm) at 25+1°C. All the
above procedures were repeated for several batches and the
average values used for analysis.

1.4.1 Adsorption isotherms

Isotherm data were analyzed using Langmuir and Fre-
undlich adsorption equations. The Langmuir and Fre-
undlich parameters were determined and correlation co-
efficients calculated. The isotherms are used to examine
the behavior of different absorbents in attaining adsorption
equilibrium (Talip et al., 2009). Adsorption equilibrium is
defined as the distribution of the solute between the liquid
and the solid phases after the adsorption reaction reaches
equilibrium at constant temperature.

The Langmuir isotherm is the theoretical model for
monolayer adsorption onto an idealized surface containing
a number of identical sites, assuming uniform energy sites
on the surface (Tan et al., 2012). The linear forms of
the Langmuir isotherms are represented by the following
equations (Wahab et al., 2010):

C. 1 C.
+

Qe - kaL Qm

ey
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Fig. 2 Powder XRD patterns for quartz sand (a), anthracite (b), shale (c), biological ceramsite (d).

where, Q. (mg/kg) is the equilibrium phosphorus con-
centration on the adsorbent, C. (mg/L) is the equilibrium
phosphate concentration in solution, O, (mg/kg) is the
maximum monolayer phosphorus adsorption capacity of
the adsorbent, and k; (L/mg) is the binding constant (Fitch,
1990).

The Freundlich isotherm is an empirical equation em-
ployed to describe heterogeneous systems (Hameed et al.,
2009). The linearized form of the Freundlich isotherm
model is written as (Wahab et al., 2010):

1
log Q. = log Kz + —log C. 2)
n

where, Kg ((mg/kg)/(mg/L)l/ ™y and 1/n are the Freundlich
constants, which are related to the adsorption capacity and
adsorption intensity respectively.

The adsorption isotherm study was carried out by dos-
ing 5 g of the substrates (20-mesh, 850 um) in 50 mL
KH,PO4 solutions. Varying phosphorus concentrations
ranging from 0 to 40 mg/L were used in solution for 48 hr
(i.e. 0, 3,6, 10, 12, 15, 18, 24, and 40 mg/L). The solution
pH was maintained at 7.

1.4.2 Adsorption Kinetics

The pseudo second-order kinetic expression for adsorption
systems has been applied in a number of studies including
those involving the adsorption of anions (Chubar et al.,

2005). In this study, the kinetics for the phosphorus ion
adsorption was described using a pseudo second-order
mechanism. The linearized form of the model is shown
below (Wang et al., 2011):
t 1 t

—_ = + —

O kQ: Qe

where, k> (kg/(mg-hr)) is the rate constant of the pseudo-
second-order kinetic model. The values of equilibrium
adsorption capacity (Q.) and rate constant (k) are calcu-
lated from the intercept and the slope of the linear plot
of t/Q; versus t, along with the value of the coefficient of
determination, R2.

Adsorption experiments for the kinetic study were car-
ried out by shaking 5 g of the substrates (20-mesh, 850 um)
in 50 mL KH,PO, solutions with an initial concentration
of 12 mg/L. The pre-determined contact times for the
experiments were 0, 2, 4, 8, 12, 18, 24, 30, and 48 hr. The
solution pH was maintained at 7.

3

1.4.3 Phosphorus desorption

To maximize the removal amount of phosphorus from
the wastewater and minimize release of phosphorus re-
tained in the substrate during wastewater treatment, the
phosphorus desorption rate was important in the choice

of substrates. A low phosphorus desorption rate renders
industrial/municipal wastewater treatmenf more efficient.
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After saturation of the substrates (dewatered substrates),
the phosphorus desorption analysis was conducted to ex-
amine the substrates’ behavior in phosphorus release. The
efficiency of phosphorus desorption is related to the con-
centrations of H*/OH™ (Zhao and Zhao, 2009). Desorption
experiments were carried out with pre-sorbed phosphorus-
saturated substrates. The phosphorus desorption kinetics
were described using a pseudo second-order model. This
is described by Eq. (3).

The pH values of the solution were adjusted with
HCI or NaOH from 1 to 13. During the phosphorus
desorption period, the pH was not controlled. However,
it was occasionally monitored and varied slightly during
the desorption process. In the analysis, three sets of 1 g
phosphorus-saturated substrates were weighed into conical
flasks. 50 mL of 0.02 mol/L KCI solution was then added
into each conical flask. Three sets of 50 mL 0.02 mol/L
KCl solutions without substrates were included as control.
The conical flasks were shaken at time intervals of 0.2, 0.5,
1, 1.5, 5, 10, and 20 hr.

1.5 Dynamic experiments

The column experiments were carried out in vertical
upflow Plexiglas columns of 595 mm length and 280 mm
internal diameter. Figure 3 shows the general layout of
a filled vertical upflow column. All column experiments
were run at room temperature (25 = 1°C). The columns
were filled in the following order: A wire screen was
placed on the bottom of the column, followed by 200 mm
of substrate.

The substrate in the fixed bed column was prewashed
by deionized water for several hours. The flow rate at
the wastewater inlet was controlled by the metering pump
and flowmeter. The wastewater with initial phosphorus
concentration of 2.0-2.2 mg/L was allowed to flow into the
bottom of the column at a constant rate from the elevated
water tank. The effluent was then collected into the water
tank. The particle size of the substrates (20-mesh, 850
um) was consistent with several guidelines for adequate
hydraulic conductivity, minimizing the risk of clogging
(Vymazal, 2002). This is a consideration factor for long-

1k

Fig. 3 Schematic diagram of experimental set-up. (1) sewage primary
treatment tank; (2) metering pump; (3) elevated water tank; (4) flowmeter;
(5) waste recovery outlet; (6) substrate-filled column; (7) effluent tank.

term application in constructed wetlands systems.

In the first part of the experiments, the design HRT
(hydraulic retention time, hr) ranged from 1-8 hr. Based
on the experimental result analysis, an optimal HRT of
4 hr was obtained and applied. The HRT was based on
measured effluent flow rates using the following Eq. (4)
(Tang et al., 2009):

2
H
HRT = 7129

(4)
where, r (cm) is the radius of the column, H (cm) is the
height of the substrate in the column, ¢ (%) is the porosity
of the substrate and v (mL/hr) is the measured flow rate.

2 Results and discussion

2.1 Adsorption isotherm

The adsorbents/phosphorus isotherms are summarized in
Fig. 4. It was necessary to describe the goodness of fit
for both linear and nonlinear regressions in terms of the
correlation coefficient (R?). Table 1 shows that the R?
values of the isotherms were >0.99, indicating that the
experimental data fit well to both Langmuir and Freundlich
models. Earlier studies involving the analysis of phospho-
rus adsorption also had similar results (Yan et al., 2010).
This suggested that the surfaces of the substrates were
made up of small and similar heterogeneous adsorption
characteristics (Panuccio et al., 2009). However, it is
also very difficult to decide which model represents the
experimental data best just on the basis of the regression
coefficients (Ayranci and Hoda, 2005).

It was observed that the isotherms were different based
on the substrates’ adsorption sites and adsorption mech-
anisms, as indicated by the physical-chemical property
analyses (such as SEM and XRD analyses). The Langmuir
isotherm is widely used for homogeneous surfaces. The
model assumes that the adsorption energy is the same
for all surface sites, indicating a monolayer adsorption
by the substrates. In this study, as more sites in the
substrates were filled up, it became increasingly difficult
for a bombarding solute molecule to find an available
vacant site. This implies weak competition for active sites.
Om is the maximum monolayer phosphorus adsorption
capacity for the adsorbent, which can generally be used
as the theoretical saturated adsorption capacity (Jellali
et al., 2011). Comparatively, the Freundlich isotherm is
widely employed to describe heterogeneous systems. The
model assumes that the frequency of sites associated with
free energy of adsorption decreases exponentially with in-
creasing free energy. In addition, the energy of adsorption
may vary because real surfaces are heterogeneous surfaces

(multilayer adsorption) with a non-unifqrm distribution
(Metaxas et al., 2003). The Freundlich con$tant K value is
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Fig. 4 Phosphorus adsorption isotherm for quartz sand, anthracite, shale, biological ceramsite.

Table 1 Langmuir and Freundlich constants for adsorption of phosphorus by the four substrates

Substrates Langmuir Freundlich

ky (L/mg) Om (mg/kg) R Kr (mg/kg)/(mg/L)"/™) n R
Quartz sand 0.242 169.49 0.9917 32.696 1.657 0.9930
Anthracite 1.333 2500 0.9967 1976.970 1.115 0.9905
Shale 0.400 454.55 0.9940 127.732 1.173 0.9917
Biological ceramsite 3.167 526.52 0.9975 668.960 1.296 0.9903

also a vital parameter in the determination of a substrate’s
adsorption behavior and capacity. In summary, Table 1
shows the following ranking order for phosphorus adsorp-
tion capacities: anthracite > biological ceramsite > shale >
quartz sand.

Based on these properties, the Freundlich equation is
slightly better in describing the adsorption intensity com-
pared to the Langmuir model. In the Freundlich isotherm,
the constant //n is a measure of exchange intensity or
surface heterogeneity, with values between 0 and 1. In this
study, the values of n were more than 1 (Table 1). This
suggested that the adsorption conditions were favorable.
High values of I/n indicate a strong bond between the
substrate and the phosphorus. The obtained 1/n values for
quartz sand, anthracite, shale, and biological ceramsite
were 0.6035, 0.8969, 0.8525, and 0.7716, respectively.

Based on these values, anthracite had higher adsorption
affinity for phosphorus compared to the other substrates.

2.2 Adsorption kinetic modeling

The pseudo-second-order kinetic equation (Eq. (3)) is a
reasonably good fit for data over the entire fractional
approach to equilibrium. Therefore, it has been employed
extensively in the study of adsorption kinetics. As shown
in Table 2, the correlation coefficients approached unity
(R*> > 0.99), implying that the experimental data were
reliable. Figure 5 shows that the adsorption rate (dQ,/dr)
decreases with time until it gradually approaches the
equilibrium state. This trend is attributed to the continuous
decrease of the driving force (Q. — Q).

The adsorption of phosphorus onto the| substrates as a
function of contact time is shown in Fig{ 5. The pseudo
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second-order model was used to predict the adsorption
capacity at equilibrium, Q.. A comparison showed that the
pseudo second-order model values were consistent with
the experimental values. This is shown in Table 2. In this
study, adsorption was a rapid process at the beginning.
Results also indicate that all the four substrates attained
equilibrium after 8 hr. Many preliminary investigations
also revealed that most adsorption of solutes occurred
within short contact times. Thereafter, the adsorption rates
gradually become slow; hence the adsorption capacity
tends to remain constant. In this study, the k, values were
used to assess the substrates’ adsorption characteristics.
The values are shown in Table 2. For quartz sand, silicon
oxide formed complexes in solution. The solid-solution
interface of complexes led to development of positive
or negative charge on the surface. The charged surface
sites on the adsorbent favored the adsorption of phosphate
due to electrostatic attraction or ion exchange. Based
on its high k, value, it was confirmed that anthracite’s
adsorption capacity was relatively high compared to the
other substrates. For anthracite, the structure, with its well-
developed surface area and bonding mode of heteroatoms
on the surface, fundamentally affects its adsorption be-
havior. Chemisorption may be due to the fact that the
adsorbate species are firmly held onto the adsorbent by
comparatively strong bonds. For the shale and biological
ceramsite, the reaction products (such as Fe(OH), and
Fe(OH);) in water formed a high number of flocs, which

=
Q
=)
g
2
=)
(]
=
3 40 —— Quartz sand
g —o— Anthracite
[=2
20 —4— Shale
—2— Biological ceramsite
0 1 1 1 1 1
0 8 16 24 32 40 48

Time (hr)
Fig. 5 TP removal efficiency for quartz sand, anthracite, shale and
biological ceramsite under different hydraulic retention times.

could easily fix the phosphorus.

2.3 Phosphorus desorption study

Table 3 shows that the R” values of the desorption kinetics
were > 0.99 under different pH conditions. During the
desorption experiments, a rapid increase in the substrates’
volume was observed when the substrates were placed in
water (Fig. 6). The initially adsorbed phosphorus diffused
back into the water solution. A state of equilibrium was
reached after some time. After a desorption period of
20 hr and pH of 7, the phosphorus release contents for
quartz sand, anthracite, shale, and biological ceramsite
were 12.06, 16.42, 17.85 and 8.57 mg/kg, respectively
(Fig. 6). However, the equilibrium desorption capacities
were calculated using the pseudo second-order model.
The corresponding values were 12.15, 16.61, 17.95 and
8.63 mg/kg respectively (Table 3). The desorption results
suggested that phosphorus was tightly bound to the adsor-
bents. Based on values presented in Table 3, anthracite
had the lowest phosphorus desorption rate when pH was
7. It was apparent that the adsorption of phosphorus
onto the substrates was the result of chemical bonding
and electrostatic attraction. In cases where chemisorption,
biological adsorption or ion exchange were involved, poor
desorption characteristics were observed. This indicat-
ed that these adsorption materials were efficient during
wastewater treatment.

The pH seemed to be an important factor affecting
the desorption efficiency. The results for phosphorus des-
orption from phosphorus-saturated substrates by HCI or
NaOH at different desorption times are presented in Fig. 6.
It is clear that most phosphorus was released in the initial
stage. The equilibrium was attained within 90 min.

For quartz sand and anthracite, the phosphorus and
substrates could form bonds with phosphorus through
electrostatic attraction or ion exchange. Therefore, the
phosphorus desorption via leaching to the acid or base
solution from the phosphorus complex could be expressed
by electrostatic sorption energy-loss or charge-transfer.
For shale and biological ceramsite, the phosphorus and
substrates could form complex compounds through chem-
ical reaction, precipitation or ion exchange. Therefore, the
phosphorus desorption via leaching to the acid or base
solution from the metal-phosphorus compound could be

Table 2 Kinetics parameters for adsorption of phosphorus by the four substrates

Substrates Qe.exp (mg/kg) Pseudo second-order model

ka (kg/(mg-hr)) Qe (mg/kg) R? (Qe — Qc,cxp)/Qc
Quartz sand 92.32 0.004 96.15 0.9980 0.0399
Anthracite 119.9 0.138 120.48 1.0000 0.0048
Shale 114.33 0.016 114.94 0.9999 0.0054
Biological ceramsite 119.6 0.036 120.48 1.0000 0.0073

Qe.exp Was the adsorption content after 48 hr.
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Fig. 6 TP desorption from quartz sand, anthracite, shale, biological ceramsite in different pH solutions under different hydraulic retention times.

Table 3 Equilibrium desorption capacities and desorption rates

Substrates Pseudo second-ordr model pH
1 3 5 7 9 11 13
Quartz sand k> (kg/(mg-hr)) 0.0506 0.0720 0.0894 0.6640 0.0666 0.0689 0.0335
Qed (mg/kg) 111.11 81.30 48.78 12.15 68.49 120.48 151.52
R? 0.9999 0.9998 0.9995 0.9998 0.9995 0.9998 0.9998
PPD (%) 65.56 47.97 28.78 7.17 40.41 71.08 89.39
Anthracite ka (kg/(mg-hr)) 0.0044 0.0073 0.0171 0.2745 0.0015 0.0050 0.0041
Qecd (mg/kg) 454.55 370.37 175.44 16.61 212.77 500.00 555.56
R? 0.9991 0.9990 0.9994 0.9998 0.9993 0.9999 0.9998
PPD (%) 18.18 14.81 7.02 0.66 8.51 20.00 2222
Shale ka (kg/(mg-hr)) 0.0206 0.0152 0.0166 0.2927 0.0224 0.0387 0.0114
Qed (mg/kg) 263.16 256.41 169.49 17.95 172.41 227.27 270.27
R? 0.9999 0.9999 0.9982 0.9999 0.9996 1.0000 0.9969
PPD (%) 57.89 56.41 37.29 3.95 37.93 49.99 59.46
Biological ceramsite ko (kg/(mg-hr)) 0.0090 0.0088 0.0320 0.7033 0.0204 0.0133 0.0588
Qed (mg/kg) 263.16 238.10 125.00 8.63 129.87 204.08 238.10
R? 0.9964 0.999 0.9996 1.0000 0.9970 0.9981 1.0000
PPD (%) 49.98 45.22 23.74 1.64 24.67 38.76 45.22

PPD: percent phosphorus desorption; PPD = % X 100%, where, QO is theoretical saturated adsorption capacity; Qg is equilibrium gesorpttonreapacity;
and it is 169.49, 2500.00, 454.55, and 526.52 mg/kg for quartz sand, anthracite, shale, and biological ceramsite, respectively.
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expressed by the chemical equations shown below (M
represents a metal ion):

MPO;" + 3H* — H3PO, (5)
MPO, + 40H™ — M(OH); | + PO}" (6)

Table 3 shows that the phosphorus desorption rate
increased with an increase in acidity/alkalinity. The fol-
lowing ranking order for phosphorus desorption rate was
observed: quartz sand > shale > biological ceramsite >
anthracite. It was significant to note that the desorption
capacity of phosphorus for quartz sand under alkaline
conditions was higher compared to that under acidic
conditions. For anthracite, the desorption process was
dominated by energy loss between the phosphorus and
substrate surface. The loss of more electrostatic attraction
energy between phosphorus and substrate in the presence
of OH™ compared to H" was observed. However, for shale
and biological ceramsite, the desorption capacities were
slightly higher in acidic conditions compared to alkaline
conditions.

2.4 Relationship between removal of different phospho-
rus and HRT

The column batch experiments were more reliable because
they had a greater resemblance to the flux conditions
in full-scale constructed wetlands than short-term stirred
batch experiments (Mateus and Pinho, 2010). The column
batch experiments were used to examine the substrates’
phosphorus removal under varying HRT. A reasonable
HRT not only maximizes the removal of phosphorus but
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Fig. 7 Adsorptive removal efficiency for various types of phosphorus from wastewater onto quartz sand, anthracite, shale, and

under different HRT.

also maintains the stability of the treatment efficiency
(Ghosh and Gopal, 2010).

In the study, the phosphorus removal efficiency of each
substrate increased with increasing HRT. This is shown in
Fig. 7. The adsorptive removal of phosphorus stabilized
basically after a HRT of 4 hr. The adsorptive removal
of various forms phosphorus (TP, TDP, PP, DOP and
SRP) was also analyzed. Under a HRT of 4 hr, the TP,
TDP and SRP removal efficiencies for anthracite were the
highest for all the substrates. Considering the structure
of the substrates, anthracite possessed some favorable
characteristics, such as higher surface area and higher
surface energy. On the other hand, the DOP removal
efficiencies for biological ceramsite were the highest of all
the substrates, and the removal efficiency of PP for shale
was the highest of all the substrates.

Some previous research has confirmed that very long
HRT induced physical/chemical clogging in some sub-
strates and reduced their phosphorus removal capacities
(Vohla et al., 2011). In addition, the overall performance
of some substrates also did not improve with increasing
HRT, and the loss of binding capacity was most rapid in
the experiment with the longest HRT (Liira et al., 2009).
Based on these findings, the optimum HRT for the batch
column experiments was 4 hr.

2.5 Various types of phosphorus adsorption from
wastewater

In column experiments, several factors such as COD, water
turbidity and hydraulic retention time, affect substrates’
adsorption of phosphorus from wastewater. The corre-
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shale and biological ceramsite.

sponding concentration values for COD¢;, BODs, water
turbidity and pH for the water samples ranged 45-55,
8-14 and 7.0-8.5 mg/L, respectively. The influence of
these parameters on phosphorus adsorption produced bet-
ter results for static experiments as compared to dynamic
experiments. Earlier studies have revealed that adequate
concentrations of calcium (Ca), iron (Fe) or aluminum
(Al) enhance phosphorus removal efficiencies (Vymazal,
2004). Figure 8 shows the results of the batch column
experiments under a HRT of 4 hr. Whereas the TP removal
efficiencies for anthracite, biological ceramsite, shale and
quartz sand were 90.35%, 85.03%, 61.34%, 58.81%, re-
spectively, the corresponding adsorptive capacities were
85.87, 81.44, 59.65 and 55.98 mg/kg respectively.

Experimental results revealed that PP could easily be
removed by shale. The removal efficiency and capacity
were 79.83% and 12.22 mg/kg respectively. Similarly,
the removal efficiency and removal capacity of PP us-
ing biological ceramsite were 74.98% and 11.65 mg/kg,
respectively. The formation of organic/inorganic coprecip-
itates or the inclusion of PP by metal-phosphorus binding
(Ca, Al Fe, or Mn) into organic aggregates is responsible
for the removal of particulate phosphorus. Sorption or
coprecipitation processes involving colloidal oxides or
oxide-hydroxides are also important.

The removal of TDP by anthracite was much easier
compared to the other substrates. Consequently, the highest
removal capacity for TDP was observed with anthracite.
The TDP removal efficiency and removal capacity were
92.61% and 74.29 mg/kg respectively. SRP removal was
superior to DOP removal when anthracite was considered.
This implied that a great percentage of the adsorbed
TDP was indeed SRP. The latter’s removal capacity and
removal efficiency were 97.01% and 70.09 mg/kg. The
substrate/phosphorus systems had a highly polar solute
and substrate, but a non-polar solvent. In the systems,
the monofunctional-ion substances with very strong in-

termolecular attraction were adsorbed from water as a
result of ion-ion attraction. It is possible that the adsorbed
ions may have become associated into very large clusters
just before adsorption took place. This relatively high
adsorption capacity shows the strong electrostatic force
of attraction between the phosphorus species and the
substrates’ bonding sites (Kaewsarn and Yu, 2001). In this
study, ion-ion attraction or ion exchange was responsible
for SRP adsorption by anthracite.

The removal of DOP by biological ceramsite was easier
compared to the other substrates. The removal efficiency
and removal capacity of DOP was 88.28% and 6.81 mg/kg
respectively. The biological ceramsite was dependent on
the suspended microbes and attached microbes for biologi-
cal DOP removal. The lowest phosphorus removal capacity
was observed when quartz sand was considered. This is
attributed to the electrostatic attraction employed by the
substrate in the adsorption mechanism.

3 Conclusions

This study focused on the mechanism and adsorption
capability of wetland substrates (quartz sand, anthracite,
shale and biological ceramsite) during phosphorus removal
processes. In treating wastewater using shale and bio-
logical ceramsite, chemical adsorption, precipitation or
biological adsorption occurred. On the other hand, when
treating wastewater using quartz sand and anthracite, the
strong electrostatic force of attraction between phospho-
rus and the substrates was due to ion-ion attraction or
ion exchange. The different adsorption mechanisms and
significantly higher adsorption capacities for quartz sand,
anthracite, shale and biological ceramsite could be applied

to separate different forms of phosphorugtr—wastewater-
Consequently, a choice of which substrat¢ to use for dif-
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ferent kinds of wastewater can be made. Further practical
application of these substrates in constructed wetland treat-
ment systems should be enhanced for future sustainability
in industrial/municipal wastewater treatment.

In addition, the study also analyzed phosphorus des-
orption. In neutral solution, the substrates had low
desorption rates, indicating that these adsorption materi-
als were efficient during wastewater treatment. However,
the phosphorus desorption rate was clearly higher under
acidic/alkaline conditions as compared to neutral condi-
tions.
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