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Abstract Constructed wetland (CW) is a promising tech-
nique for removal of pollutants from wastewater and
agricultural runoff. The performance of a CW to remove
pollutants, however, hinges on the use of suitable substrate
materials. This study examined the physicochemical prop-
erties and phosphorus (P) sorption capacities of nine
different CW substrate materials using both batch experi-
ments and the Freundlich as well as the Langmuir isotherm.
The nine substrate materials used in this study were turf,
topsoil, gravel, midsized sand (MSS), blast furnace slag
(BFS), coal burn slag (CBS), blast furnace artificial slag
(BFAS), coal burn artificial slag (CBAS), and midsized
artificial sand (MSAS). Experimental data showed that
sorption of P increased with initial solution P concentrations
for all nine substrate materials. The maximum P sorption
capacity of the substrate materials estimated by Langmuir
isotherm was in the following order: turf (4243 mg/kg sub-
strate) > BFAS (2116 mg/kg substrate) > BFS (1598 mg/kg
substrate) > CBS (1449 mg/kg substrate) > top soil (1396
mg/kg substrate) > CBAS (1194 mg/kg substrate) > MSAS
(519 mg/kg substrate) > gravel (494 mg/kg substrate) > MSS
(403 mg/kg substrate). The specific gravity of eight substrate
materials (except gravel) had very significant negative cor-
relations with the P sorption, whereas the particle diameter of
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Dgo and uniformity coefficient (Kgp) had positive correla-
tions with the P sorption. The cation exchange capacity,
organic matter, available ferrous, and exchangeable alumi-
num of the eight substrate materials also had very significant
positive correlations with the P sorption, while the pH of the
substrate materials showed a very significant negative cor-
relation with the P sorption. Our study further suggests that
turf and CBAS are the two relatively ideal substrate materials
suitable for removal of P from a CW system.

Introduction

Eutrophication of lakes and streams, resulting from surface
loading and groundwater discharge of excess nutrients such
as phosphorus (P) and nitrogen, is an increasing environ-
mental concern worldwide. Constructed wetlands (CWs)
have been used to remove such excess nutrients from
domestic and industrial wastewaters and agricultural run-
offs for decades (Sakadevan and Bavor 1998). A CW is an
artificial marsh or swamp, created for treatments of
anthropogenic contaminants from domestic wastewater,
storm water runoff, or sewage and as a habitat for wildlife.
CW is becoming a widely accepted remedial technique due
to its low cost, suitable for small to medium-sized con-
taminated sites (Kadlec and Knight 1996; Mann and Bavor
1993; Zhu et al. 1997; Sakadevan and Bavor 1998; Drizo
et al. 1999; Vymazal 1999; Del Bubba et al. 2003; Masb-
ough et al. 2005; Xu et al. 2006).

Many studies have been directed at investigating the
remedial efficiency of excess nutrients from CW systems
with a variety of substrates, including pumice, quartzite,
light expanded clay aggregates, lightweight aggregates,
wollastonite, shale, sand, maerl, zeolite, bauxite, synthetic



Arch Environ Contam Toxicol (2008) 55:210-217

211

hydrotalcite, blast furnace slag, and fly ash (Mann and
Bavor 1993; Johansson 1997; Sakadevan and Bavor 1998;
Brooks et al. 2000; Gray et al. 2000; Arias et al. 2001 2003;
Del Bubba et al. 2003; Kuzawa et al. 2006). Results from
these studies showed that although the removal of P in a
CW system occurred through substrate sorption, chemical
precipitation, microbial action, and plant and algal uptake,
substrate sorption plays the most important role in removal
of P. The overall performance of a CW is, therefore, pri-
marily dependent on the selection of suitable substrates.

Zhu et al. (1997) reported that a substrate’s sorption
capacity of P is determined by its physicochemical prop-
erties. A substrate rich in Fe, Al, and Ca ions can easily
form a phosphatic precipitant, which is very useful in
removal of P from sewage. In addition, the pH and
adsorptive surface of a substrate play an important role in P
sorption. Substrates with fine particle materials usually
have a large specific surface area and high P sorption
potential. However, these substrates normally have a low
hydraulic conductivity and thus can lead to overland flow
and incomplete contact of substrates with sewage in CW
systems (Kadlec and Knight 1996; Drizo et al. 1999).
Therefore, an ideal substrate should possess both a high P
sorption capacity and a suitable percolation rate.

Sorption of P in different soils and matrixes has been
studied in the past three decades by batch experimental
measurements and by Langmuir and Freundlich isotherm
estimations (Mead, 1981; Bhuiyan and Sedberry 1995; Pant
etal. 2001; Cui et al. 2002; Xu et al. 2006). Pant et al. (2001)
studied the sorption capacity of P by three root bed materials,
namely, Lockport dolomite, Queenston shale, and Fonthill
sand, in a subsurface flow CW. Those authors found that
Fonthill sand is the best material for removal of P from
wastewater and that the Langmuir sorption isotherm seems
to be more suitable for predicting P sorption in wetland
systems since this isotherm allows the calculation of maxi-
mum sorption and binding energy constant. Del Bubba et al.
(2003) studied the relationships between the maximum P
sorption capacity and the physicochemical properties of
sands. Using the Langmuir isotherm, those authors found
that among the physicochemical properties of sands, the Ca
and Mg content, grain size, porosity, bulk density, and
hydraulic conductivity are significantly correlated with the
maximum P sorption capacity in sandy soil. More recently,
Xuetal. (2006) studied the sorption capacity of P by different
substrates used in CW systems through batch experiments
and Langmuir predictions. Those authors reported that fur-
nace slag has the highest P sorption capacity, followed by fly
ash. The sorption capacity of P is influenced by both the
physicochemical properties of the substrates and the amount
of organic matter added.

However, little effort has been devoted to employing
artificial soil made of coal burn slag (CBS) or blast furnace

slag (BFS) mixed with topsoil and turf as the filling
material for removal of P in vertical-flow CW systems. As
these two kinds of artificial soil have high sorption capa-
bilities, microbe activities, hydraulic conductivities, and
oxygen diffusion rates, they could be relatively ideal sub-
strates for effective removal of P in vertical-flow CW
systems without causing overland flow. The objectives of
this study were (1) to estimate the sorption capacities of P
by nine different substrate materials, namely, gravel,
midsized sand (MSS), CBS, BFS, top soil, turf, midsized
artificial sand (MSAS), coal burn artificial slag (CBAS),
and blast furnace artificial slag (BFAS) using batch
experiments and the Langmuir as well as the Freundlich
isotherm; (2) to estimate the efficiency of P removal by
these substrates using the batch experiments; and (3)
determine the relationships of the substrate physicochem-
ical properties to their P sorption capacities.

Materials and Methods
Experiment on Sorption and Removal of P

Nine substrate materials, namely, gravel, MSS, CBS, BFS,
loamy topsoil, turf, MSS, CBAS, and BFAS, were selected
for this study. Theses substrate materials were obtained
from local areas near the campus of South China Agri-
cultural University, Guangzhou City. It should emphasized
here that turf is the organic humus forming from grasses.
Unlike peat, humus in turf is only partially decomposed.
The physicochemical properties of these substrate materi-
als are listed in Tables 1 and 2. MSAS, CBAS, and BFAS
are artificial substrate materials, which were made by
mixing MSS, BCS, and BFS with certain ratios of topsoil
and turf, respectively (China Patent ZL.L01235879.7 2002).

The bulk density of substrate materials was measured
using a cutting ring (volume, 100 cm?; inner diameter, 5 cm)
(Wang 1989), the specific gravity was measured by pyc-
nometer method (Pall and Mohsenin 1980), the cation
exchange capacity (CEC) was measured by ammonium
acetate method (Peech et al. 1947), and the pH value was
measured in a 1:2.5 soil:water slurry using a glass electrode
(Bruce and Rayment 1982). Organic matter was measured by
dichromate titration oxidation and volumetric procedure
(Walkley 1947). Exchangeable Ca and Mg were measured
using an atomic absorption spectrophotometric method after
extracting the soil sample with neutral ammonium acetate.
Exchangeable Al was measured using an atomic absorption
spectrophotometric method after extracting the soil sample
with potassium chloride. Active Fe and Mn were measured
using atomic absorption spectrophotometry, after extracting
soil samples with DTPA (diethlenetriaminepentaacetic acid
), TEA (triethanolamine), and CaCl,. The total contents of
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Table 1 Physical properties of substrates used in this study

Substrate  Bulk density Specific gravity ~ Hydraulic D particle Dy particle Kgo uniformity ~ Total
(g/cm3 ) (g/cm3) conductivity (cm/s)  diameter (mm)  diameter (mm)  coefficient porosity (%)
Turf 0.229 (0.003)  0.590 (0.010) 2.750 (0.358) 0.12 1.45 12.08 61.53 (0.62)
Topsoil 1.058 (0.011)  2.217 (0.040) 0.568 (0.025) 0.47 4.40 9.36 52.17 (1.39)
MSS 1.461 (0.007)  2.463 (0.019) 24.03 (0.910) 0.18 0.48 2.67 40.57 (0.72)
MASS 1.419 (0.002)  2.308 (0.013) 19.36 (0.631) 0.19 0.49 2.58 38.50 (0.36)
BFS 0.946 (0.055)  2.532 (0.050) 170.0 (5.131) 0.33 1.75 5.30 62.63 (1.78)
BFAS 0.932 (0.004)  2.353 (0.120) 118.6 (25.41) 0.39 1.02 2.62 60.10 (2.19)
CBS 0.836 (0.003)  2.125 (0.018) 2.067 (0.261) 0.09 3.29 36.56 61.13 (0.52)
CBAS 0.815 (0.006)  2.128 (0.012) 3.230 (0.296) 0.10 3.20 32.00 61.63 (0.48)

Note. Data for bulk density, specific gravity, hydraulic conductivity, and total porosity are the average of three repetitions; standard deviation in

parentheses

Table 2 Chemical properties of substrates used in this study

Substrate Turf Topsoil MSS CBS BFS MSS CBAS BFAS
CEC (mol C /kg) 57.25 8.12 1.74 9.30 0.76 2.13 10.27 1.32
pH 3.49 6.60 8.33 6.44 9.34 6.99 5.75 8.15
Organic matter (g/kg) 463.5 2322 1.34 407.6 2292 8.28 358.6 24.84
Exchangeable Ca (mg/kg) 752.6 1,092.5 196.7 2,106.5 520.6 171.8 1,043 511.5
Exchangeable Mg (mg/kg) 90.1 53.99 13.28 341.0 62.63 13.96 146.0 58.16
Exchangeable Al (mg/kg) 46.85 4.18 3.50 0.40 1.30 5.73 1.45 3.95
Active Fe (mg/kg) 5,540 1,651 1,042 1,660 787.3 1,090 1,653 1,363
Active Mn (mg/kg) 122.4 37.71 32.65 35.78 159.7 34.79 47.27 267.8
Total Ca (mg/kg) 882.0 792.5 493.7 3,141 19,249 676.6 4,626 17,549
Total Mg (mg/kg) 1,281 808.2 592.2 4,602 126.7 664.7 5,392 82.67
Total Al (g/kg) 66.45 62.02 16.78 93.15 80.35 13.79 75.34 49.73
Total Fe (mg/kg) 12,190 18,090 840 23,430 4,190 1,090 17,200 5,720
Total Mn (mg/kg) 210.5 152.5 105.6 497.8 5971 129.3 671.5 7,051

Ca, Mg, Al, Fe, and Mn in soils were measured using atomic
absorption spectrophotometry, after fusion with sodium
carbonate.

The sorption of P was measured at different time intervals
between 0.5 and 48 h from batch experiments. A solution of
30 mL of K,HPO, with five different initial P concentra-
tions—100, 200, 300, 400, and 500 mg/L—in 0.01 M KCl
solution, as a supporting electrolyte, was added to 3 g of each
substrate material (in triplicate) in 50-mL Teflon-lined cen-
trifuge tubes. Two drops of chloroform was added to each
tube in order to inhibit microbial activities. The tubes were
shaken on a reciprocating shaker for the desired time interval
at an ambient temperature of 23°C. At the end of each time
interval the samples were centrifuged at 4000 rpm for 10 min
and the P in the clear supernatant solutions was filtrated and
analyzed using a standard ammonium molybdate method
(Sakadevan and Bavor 1998).

The removal of P from the solutions by the nine sub-
strate materials at different time intervals was also
determined through the batch experiments. Ten grams of
each substrate material was added to a 50-mL centrifuge
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tube along with 30 mL of standard P solution (5.0 mg/L).
The centrifuged tube was shaken and the supernatant in the
tube was sampled at the following time intervals: 0, 0.17,
0.5, 1, 2, 4, 8, 24, and 48 h. Analogous to the sorption
experiments, the supernatant was filtered prior to analysis
and each treatment was in triplicate (Breen 1990).

Statistical analysis was performed with SAS version
6.12. Means and standard errors were calculated for three
replicates. All data were statistically evaluated using
Duncan’s multiple range test at p = 0.05.

Estimation of P Sorption and Substrate Properties

Sorption kinetics of P by substrate materials can be esti-
mated with the Langmuir and Freundlich isotherms (Mead
1981). The Langmuir isotherm can be written
c 1 1 C

T x— 4= 1

X K K +K1 ()
where K; is the maximum P sorption coefficient, K, the
binding energy coefficient, C the P concentration in
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solutions (mg/L), and X the amount of P sorption in the 3000
solid phase (mg/kg). The maximum P sorption can be

P (mg/kg) P 2500 E100mg/L E200 mg/L 0300 mg/L

calculated with the slope of the curve of C/X and C
(Sakadevan and Bavor 1998). The Freundlich equation is
usually given as

X = KC? (2)

where K and b are constants. Equation (2) can also be
rearranged as

1
InX=mImK+-InC (3)
n

where In K is the interception and 1/n = b is the slope.

The total porosity and particle uniformity coefficients of
a substrate material can be calculated by the following
equations:

substrate bulk density

~ substrate specific gravity
x 100% 4)

Total porosity(%) = (1

Keso = Deo/Dio (5)

where Dy and D¢y (mm) are the diameters of particle sizes
of a substrate material at which 10% and 60% of the par-
ticles pass through the sieves based on the accumulative
frequency, and K is the uniformity coefficient.

The saturated hydraulic conductivity is determined by
Darcy’s law (Forbes 2002),

__ 0
Ke=aT7 ©)

where K. is the hydraulic conductivity (cm/s), Q the total
water flow rate (cm3/s), A the area of the infiltration bed
(cm?), I the water head gradient, and T the time(s). The
parameter values in Eq. (6) used to calculate the hydraulic
conductivities of the nine substrate materials were mea-
sured from our previous study (Cui et al. 2007).

The removal of P by a substrate material was calculated
using the following equation:

Co— C,
=0 % 100% (7)

P removal rate(%) =
0

where Cj is the initial P concentration of 5 mg/L and Ce is
the P concentration at 48 h.

Results

Sorption of P

The amounts of P sorption by the nine substrate materials
selected in this study are shown in Fig. 1. In general, the

amount of P sorption increased with the initial solution P
concentration for all of nine substrate materials. For

B400 mg/L B 500mg/L

Amount of P Soprtion
(mg/kg substrate)
—y ey N
[=] (2] [=]
(=] [=] [=]
o o o

500

Fig. 1 Amounts of P sorption by nine different substrate materials at
five different initial P concentrations

instance, the amounts of P sorption by turf were 828 and
1367 mg/kg substrate, respectively, at initial P concentra-
tions of 100 and 200 mg/L. A twofold increase in initial P
concentration increased the amount of P sorption by 1.65
times. Our statistical analysis showed that differences in
the amount of P sorption among all five initial P concen-
trations and nine substrates were significant at p = 0.05
except for MSS.

Sorption of P by BFAS also showed a very significant
statistical difference except at initial P concentrations of
200 and 300 mg/L. The amounts of P sorption for the
remaining seven substrates were relatively low and were
statistically significant either at the upper range of initial P
concentration (300-500 mg/L) or at the lower range of
initial P concentration (100-200 mg/L).

Figure 1 further reveals that sorption of P by turf was the
highest among all of the substrates used in this study. For
example, the amounts of P sorption by turf and BFAS were
about 828 and 236 mg/kg substrate, respectively, at an initial
P concentration of 100 mg/L. The former was about 3.5-fold
higher than the latter. Similar trends in P sorption between
turf and BFAS were also observed for the rest of the four
initial P concentrations. In contrast, sorption of P by MSS
was the lowest at an initial P concentration level of from 100
to 300 mg/L, but higher than that by gravel at an initial P
concentration level of from 400 to 500 mg/L.

Kinetic sorption of P by all of the nine substrates at
several time intervals is shown in Fig. 2. The initial P
concentration used in this experiment was 5 mg/L. Two
groups of substrates with distinct kinetic sorption capaci-
ties were identified. The first group of substrates, with a
high P sorption capacity, included turf, CBAS, CBS, and
topsoil (Fig. 2a) and the second group of substrates, with a
low P sorption capacity, included gravel, MSS, MSA, BFS,
and BFAS (Fig. 2b). Figure 2a shows that the sorption of P
by the first group increased as time elapsed and the sorption
capacity of the substrates was in the following order: turf >
CBAS > CBS > topsoil. This figure further discloses that
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Fig. 2 Sorption capacity of P by nine different substrate materials as
a function of time

an equilibrium condition on P sorption by the substrates
was not yet reached even at 48 h. Compared to the first
group, the P sorption capacities of the second group were
very low and approached the equilibrium condition after 24
h. At this steady condition, the sorption capacity of P by the
substrates was in the following order: BFAS > BFS > MSS
> MSAS > gravel.

Removal of P

Figure 3 shows the percentage removal of P from solutions
by the nine substrates at five different initial P concentra-
tions. The percentage removal of P from solutions
decreased with the initial P concentration. For example,
when the P concentration in the solution increased from
100 to 500 mg/L, the removal of P by turf dropped from
82% to 48.8%. A fivefold increase in initial P concentration
decreased the removal of P by 33.2%.

It is also apparent that the percentage removal of P by
the nine substrates at any initial P concentration level was
in the following order: turf > CBAS > CBS > topsoil >
BFAS > BFS > MSS > MSAS > gravel. Results indicate
that the removal capability of P by gravel, which has been
widely adopted in CWs, was lowest and not desirable. The
removal efficiency of P in CWs could be improved and the
service life of CWs could also be extended if substrates
with a high P removal capability are used.

Sorption of P by the nine substrates was also estimated by
the Langmuir and Freundlich isotherms. Table 3 lists the
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Fig. 3 Percentage removal of P by the substrate materials as a
function of initial P concentration

constants and regression coefficients of the Langmuir and
Freundlich isotherms, which were obtained by fitting the P
sorption data to the isotherms. All the correlation coefficients
obtained by fitting the Langmuir isotherm to the P sorption
data for all of the substrates were at a highly significant level
except for the substrate CBS, which was only at a significant
level. However, only six correlation coefficients obtained by
fitting the Freundlich isotherm to the P sorption data for all of
the substrates were at a highly significant level. Results
indicate that the Langmuir isotherm was better for quanti-
fying P sorption by the substrates used in this study. A
comparison of the maximum sorption (K;) of P estimated
from the Langmuir isotherm among the nine substrates
showed that turf was the highest, up to 4243 mg/kg, and MSS
was the lowest, only 404 mg/kg. The order of K from high to
low for the remaining substrates was BFAS > BFS > CBS >
topsoil > CBAS > MSAS > gravel.

Effect of Substrate Physicochemical Properties

The physical properties of eight substrates (except gravel)
measured in this study include bulk density, specific gravity,
total porosity, hydraulic conductivity, D particle diameter,
Dgo particle diameter, and Kg, uniformity coefficient
(Table 1). The relationships of the above seven physical
properties to P sorption associated with statistical tests are
given in Table 4. These coefficients were obtained by
regressing the P sorption data against each physical property.

Bulk density had a negative relationship with P sorption,
as did specific gravity, hydraulic conductivity, and particle
diameter of D;,. The negative relationships were highly
significant between P sorption and bulk density or specific
gravity but were not significant between P sorption and
hydraulic conductivity or particle diameter of D;y. On the
other hand, total porosity, particle diameter of Dgo, and K¢
uniformity coefficient all showed positive relationships
with P sorption but these were not statistically significant.
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Table 3 Correlation coefficients obtained by fitting the Langmuir and Freundlich isotherms to the P sorption data for the substrates
Substrate Langmuir equation Freundlich equation
K, K, x 10° r p value K n r p value

Turf 4242.48 2.4158 0.9983™" 0.0001 4.9874 1.5171 0.9975™" <0.0001
BFAS 2115.65 1.2273 0.9778"™" 0.0014 1.8912 1.1685 0.9756™" 0.0016
BFS 1597.92 1.4994 0.9634™" 0.0030 1.9081 1.2075 0.9668"" 0.0026
CBS 1448.97 1.5278 0.8942" 0.0151 1.9696 1.2486 0.8819" 0.0476
Topsoil 1369.32 2.2213 0.9892" 0.0005 2.7356 1.4371 0.9935™ 0.0002
CBAS 1194.18 3.5355 0.9754™" 0.0016 3.7396 1.6966 0.9860™" 0.0007
MSAS 518.60 5.7799 0.9520™" 0.0045 4.1909 23117 0.8673" 0.0214
Gravel 494.42 1.3960 0.9749™" 0.0017 1.5071 1.4240 0.9187" 0.0101
MSS 403.11 1.7549 0.9220™" 0.0094 1.1873 1.2545 0.9338™" 0.0074

Note. 1* values of Freundlich equation and Langmuir equation in this table were analyzed by SAS. *Significant relationship; **highly significant

relationship

Analogous to the case of physical properties, eight
substrates were chosen to measure their chemical proper-
ties, including pH, total and exchangeable (or active) Fe,
Al, Ca, Mg, and Mn, CEC, and organic matter (Table 2).
Correlations between the substrate chemical properties and
their P sorption behaviors were estimated through linear
regressions (Table 5).

Highly significant positive correlations were observed
between P sorption and CEC, organic matter, active Fe,
and exchangeable Al (p < 0.01), although these correla-
tions did not exist between P sorption and exchangeable Ca
and Mg, and total Mg, Al, and Fe (p > 0.05). A highly
significant negative correlation was found between P
sorption and pH (p < 0.01), whereas a negative correlation
between P sorption and total Ca and Mn was not statisti-
cally significant (p > 0.05) (Table 5).

Discussion
Sorption characteristics of P by six natural substrates and

three artificial substrates were investigated in this study. Of
the six natural substrates, turf had the highest and gravel

had the lowest maximum P sorption capacity, with the rest
of the substrates in between in the following order: BFS >
CBS > topsoil > MSS. Results imply that gravel and MSS,
which are currently widely used in CW systems, were the
two unfavorable substrates for P removal. P remedial
efficiency would be improved if the remaining four natural
substrates (i.e., excluding MSS and gravel) were adopted.
However, turf and topsoil would readily cause soil clog-
ging in vertical-flow CWs due to their swelling natures
after absorbing water. Therefore, they can only be used as
supplementary materials in vertical-flow CWs, not as
substrates alone or as major parts of substrates. On the
contrary, BFS and CBS can be used as substrates in ver-
tical-flow CWs because they do not cause low hydraulic
conductivity or medium clogging.

Three artificial substrates, namely, BFAS, CBAS, and
MSAS, were made by mixing BFS, CBS, and MSS as the
main materials, with the addition of certain ratios of turf
and topsoil. The maximum P sorption capacities of the
substrates were in the following order: BFAS > CBAS >
MSAS. The maximum P sorption capacity for BFS was
1598 mg/kg, which was similar to that (1430 mg/kg)
reported by Sakadevan and Bavor (1998), whereas the

Table 4 Correlation coefficients between physical properties and P sorption of the nine substrates

Coefficient Bulk Specific Hydraulic D particle Dy particle Koo Total
density gravity conductivity diameter diameter hetero-geneity porosity
(g/cm3) (g/cm3) (cm/s) (mm) (mm) coefficient (%)

8-h adsorptive amount —0.912%* —0.967** —0.347 —0.406 0.141 0.318 0.518

p value 0.0016 <0.0001 0.3998 0.3194 0.7383 0.4433 0.1890

24-h adsorptive amount —0.894%* —0.930%** —0.469 —0.403 0.324 0.451 0.528

p value 0.0026 0.0008 0.2409 0.3445 0.4341 0.2617 0.1785

48-h adsorptive amount —0.892%* —0.877** —0.493 —0.451 0.396 0.569 0.577

p value 0.0029 0.0043 0.2193 0.3009 0.3310 0.1412 0.1346

Note. Data are multirelational coefficients. ** Highly significant relationship
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Table 5 Correlation coefficients between chemical properties and P sorption of the nine substrates

Adsorption CEC pH Organic  Exchange- Exchange- Exchange- Active Active Total Total Total Total Total
time matter able Ca able Mg able Al Fe Mn Ca Mg Al Fe Mn

8h 0.974%*  —0.860** 0.812* 0.276 0.258 0.890%* 0.968**  0.08 —0.256 0252 0419 0412 —-0.262
p value <0.0001 0.0062 0.0143 0.5084 0.5375 0.0031 <0.0001 0.8476  0.5398 0.5480 0.3021 0.3110 0.5315
24 h 0.936%* —0.902%* (0.858%%* 0.427 0.367 0.807* 0.928** —0.05 —0.351 0378 0496 0.557 —0.367
p value 0.0006 0.0022  0.0064 0.2911 0.3706 0.0154 0.0009 0.9101 0.3941 0.3555 0.2115 0.1342 0.3713
48 h 0.882%* —0.891%* 0.909%* 0.527 0.467 0.723% 0.872%* —0.08 —0.346 0479 0518 0.663  —0.375
p value 0.0038 0.0003  0.0018 0.1793 0.2323 0.0429 0.0047 0.8437  0.4019 02107 0.1418 0.0729 0.3606

Note. Data are multirelational coefficients. * Significant relationship;

maximum P sorption capacity for BFAS was 2116 mg/kg.
Results indicate that BFAS has more P sorption potential
than BFS. According to the report by Sakadevan and Bavor
(1998), the maximum P sorption by fly ash was more than
20 times higher than that of BFS and the maximum P
sorption by coal ash was about 3 times higher than that of
BFS. However, substrates made of fly and coal ash would
be washed away by water and cause clogging of CWs due
to their swelling nature. Therefore, fly and coal ash are not
suitable for use as substrates in vertical-flow CWs. On the
other hand, although the P sorption capacities of BFS,
CBS, and their artificial soils were not the highest, they
could become special substrates in vertical-flow CWs
because of their low commercial prices and suitable
hydraulic conductivities.

Since P fixation in CWs takes place through substrate
adsorption, chemical precipitation, bacterial activities,
plant and algal uptake, and interactions with organics
(Kadlec and Knight 1996; Vymazal 1999), substrates play
an important role in P fixation and their physicochemical
properties determine their abilities for P adsorption and
fixation (Zhu et al. 1997). In addition, the Fe, Al, and Ca
contents, Eh, pH, and surface area of substrates also control
P sorption (Vymazal et al. 1998). Materials with fine par-
ticles have the potential to increase their P sorption
capabilities because of their large surface areas (Zhu et al.
1997). Our data show that sorption of P by the eight sub-
strates (excluding gravel) had a positive correlation with
the particle diameter of Dg, but a negative correlation with
the particle diameter of D;,, which seems to be a contra-
diction to common sense. Normally, the smaller the
particle diameter, the larger the surface area and thereby
the higher the P sorption capacity. Although the exact
reason for this phenomenon remains unknown, a possible
explanation is that the overall amount of P sorption
depends not only on the particle diameters but also on other
physicochemical properties.

CEC, pH, active Fe, and exchangeable Al all had highly
significant negative relationships with P sorption. Total
Mg, exchangeable Ca, and Mg had positive correlations
with P sorption and these correlations increased
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** highly significant relationship

significantly with time. For example, the correlations
between exchangeable Ca and P sorption among the eight
substrates (except gravel) were not significant over a short
time period but were significant as the sorption time
increased. A similar result was also observed for total Ca.
In general, P sorption was the highest in (1) basic wetlands
with a large amount of calcium and (2) acidic wetlands
with high concentrations of aluminum and iron (McEIl-
downey et al. 1993) because P can be fixed by forming a
precipitant with these chemicals. For instance, calcium
reacted with soluble P to form hydroxyapatite uinder high-
pH conditions, and hydroxyapatite can be precipitated out
of solutions (Ryden et al. 1977). When municipal sewage is
slightly basic, the calcium content in substrates is very
important for P removal, while the Fe and Al contents in
substrates are important when sewage is acidic because
they can remove P by forming precipitant. Therefore, the
ability of P removal by a substrate is somehow determined
by the contents of exchangeable Ca and Al and active Fe,
especially the contents of active Fe and exchangeable Al
over a short time. The CEC of a substrate also plays an
important role in P sorption but decreases as sorption time
increases, thereby reducing the P removal ability.

Conclusions

Sorption of P by all nine substrates used in this study
increased with the initial P concentration, and accorded
with the Langmuir and Freundlich sorption isotherms. The
correlation coefficients obtained by fitting the isotherms to
the P sorption data for the substrates (except gravel) all
reached significant or highly significant levels. The char-
acteristics of P sorption by the substrates were better
predicted by the Langmuir isotherm than by the Freundlich
isotherm. The maximum sorption capacities of P by the
nine substrates, estimated from the Langmuir isotherm,
were in the following order: turf (4243mg/kg) > BFAS
(2116mg/kg) > BFS (1598mg/kg) > CBAS (1449mg/kg) >
topsoil (1369mg/kg) > CBS (1194mg/kg) > MSAS
(519mg/kg) > gravel (494mg/kg) > MSS (403 mg/kg).
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The removal of P from the solution was 92% for turf,
57% for CBAS, 56% for CBS, 41% for topsoil, 24% for
BFAS, 21% for BFS, 19% for MSS, 12% MSAS, and 3%
for gravel. For the physical properties of the substrates,
bulk density and specific gravity had highly significant
negative correlations with P sorption. As for the chemical
properties of the substrates, CEC, organic matter content,
active Fe, and exchangeable Al showed strongly significant
positive correlations with P sorption, whereas pH had a
highly significant negative correlation with P sorption.

It should be pointed out that our major focus in this
study was the sorption capacities of the substrate materials.
None of these materials is used as a sole substrate in CW
treatments. In real-world applications, these substrate
materials are usually mixed at certain ratios to obtain the
best possible P removal rates.
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