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ABSTRACT

The adsorption of phosphorus in a fixed bed was investigated using the Taguchi experi-
mental design. The abilities of two types of granular adsorbents, Al- and Ca-impregnated
granular clay materials (AI-GCM and Ca-GCM), to adsorb phosphorus from an aqueous
solution were evaluated, then controllable factors (the adsorbent material, initial phosphorus
concentration, and flow rate) were optimized. An Lo orthogonal array was used for the
experimental design, and the conditions were optimized to achieve the best signal-to-noise
ratio. The optimal conditions were using Ca-GCM as the material, an initial phosphorus
concentration of 20 mg/L, and a flow rate of 600 uL/min. Under these conditions, the num-
ber of bed volumes at the breakthrough point was 354 and the Ca-GCM adsorption capacity
for phosphorus was 9.12 mg/g. The relative importance of each controllable factor was
determined using the analysis of variance method, which revealed that the type of adsor-
bent was the most influential factor, accounting for 55.5% of the phosphorus removal capac-
ity. The initial phosphorus concentration was the next most influential factor, contributing
35.7% of the phosphorus removal capacity. The flow rate contributed only 8.8% of the phos-
phorus removal capacity. The main component of the product of the adsorption process
was hydroxylapatite, which could be used in many industrial and agricultural processes.
The treatment process was found to be relatively environmentally benign, and would be a
way of regenerating phosphorus without causing secondary pollution.

Keywords: Taguchi design; Al- and Ca-impregnated clay material; Phosphorus adsorption;
Recycling

1. Introduction transferred from where it is used to freshwater ecosys-
tems because of rainwater runoff [1]. Phosphorus con-
tributes to the eutrophication of aquatic ecosystems,
which is currently one of the most important problems
in reservoirs, rivers, lakes, and coastal waters [2,3].
*Corresponding author. Increasing concern about the effects of eutrophication

Phosphorus is widely used in agriculture and in
industrial processes, and some phosphorus is often
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has led to more stringent environmental regulations
being implemented in recent years [4]. Phosphorus is
considered to be a key limiting nutrient for algae in
natural water bodies, so there is a growing demand
for methods to remove phosphorus from water [5].
Increasing demand for phosphorus for use in the agri-
cultural and industrial sectors and the gradual exhaus-
tion of phosphate ore deposits have resulted in the
recycling of phosphorus becoming important.

Conventional treatments for removing phosphorus
from water include physical [6], chemical [7,8], and
biological [9] methods. Physical treatments, such as
electrodialysis and ion exchange, are costly and ineffi-
cient. Chemical treatments, such as precipitation with
Al, Ca, or Fe, are suitable for treating water that con-
tains high phosphorus concentrations, but are less
effective for treating water that contains low phos-
phorus concentrations. The disposal of the sludge
produced by the precipitation of phosphorus, and
neutralization of the effluent, are problematic. Biologi-
cal treatments, such as treatment with activated
sludge, can offer certain advantages over the chemical
precipitation method, because biological treatments
do not require the addition of large amounts of chem-
icals. However, biological treatments can be very sen-
sitive to the concentrations of organic chemicals and
the temperature [3]. Adsorption is widely used to
remove phosphorus from water because it offers a
high removal efficiency and because it is relatively
simple and inexpensive to use this method [10,11].
The adsorption method also enables the phosphorus
removed from the water to be recycled because the
phosphorus can be removed from the product and
used in a number of agricultural or industrial pro-
cesses. However, a large amount of spent liquor is
produced during the recycling process [12]. A wide
range of adsorbents, such as steel slag [11,13], active
carbon [14], fly ash [15], goethite [16], biochar [17],
and shells [18], have been used to remove phospho-
rus from water. In a previous study, we prepared
two composite clay materials, an Al-impregnated
granular clay material (Al-GCM) and a Ca-impreg-
nated granular clay material (Ca-GCM), and we per-
formed batch experiments to determine the effects of
the initial phosphorus concentration, contact time,
and initial pH on the ability of these materials to
remove phosphorus from water [19,20]. When a phos-
phorus removal system is used in practice, a fixed
bed adsorption system can make full use of the
adsorbent and be easily reused, but it is difficult to
apply the results of batch tests to a fixed bed system.
Therefore, it is necessary to comprehensively study a
fixed bed adsorption system to optimize the operating
parameters.
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The Taguchi method is a statistical experimental
design that is widely used to design a process and to
improve the quality of the product [19]. Many applica-
tions of the Taguchi method have been reported. For
example, Engin et al. used the Taguchi method to
optimize the process conditions (such as the feed flow-
rate, bed height, and dye concentration) for removing
dye from water [20]. Irdemez et al. used the Taguchi
method to determine the optimum conditions for
removing phosphate from water by electrocoagulation
[21]. However, the Taguchi method has rarely been
used to optimize a fixed bed system for adsorbing
phosphorus from water.

In the study presented here, breakthrough tests
were performed to assess the performances of a fixed
bed system under different conditions. Specifically,
the phosphorus uptake by the AI-GCM and Ca-GCM
adsorbent filters as a function of the flow rate and the
phosphorus concentration in the inflow solution were
investigated using the Taguchi experimental design
method. The optimum combination of parameters for
the fixed bed adsorption system was then determined,
and the relative importance of each parameter was
confirmed using the analysis of variance (ANOVA)
method. The degree to each parameter influenced the
phosphorus removal efficiency was determined and
will be important in later experiments. The ability to
recycle phosphorus using the system was tested using
a physical method after the breakthrough study had
been performed.

2. Materials and methods
2.1. Experimental materials and setup

All of the reagents used in this study were of analyt-
ical grade. A 1,000 mg/L phosphorus stock solution
was prepared by dissolving 7.7480 g of NaH,PO, (Sin-
opharm Chemical Reagent Co., Ltd, China) in deionized
water. Solutions containing different phosphorus con-
centrations were prepared for use in the column tests
by diluting the stock solution with deionized water.

Dolomite and montmorillonite were supplied
by Zhenyongwei Technology Development Co., Ltd
(Beijing, China). Scallop shells (used as a calcium
source) were collected from a local restaurant in
Beijing, China, and they were ground to a powder.
The dolomite, montmorillonite, and scallop shell pow-
ders had particle sizes of <120, <100, and <200 pm,
respectively. The Al-GCM adsorbent was prepared by
mixing dolomite, montmorillonite, soluble starch, and
Aly(SOy4); at a ratio of 3:3:2:2 (by mass). The Ca-GCM
adsorbent was prepared by mixing scallop shell pow-
der, montmorillonite, and soluble starch at a ratio of
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1:1:1 (by mass). The two types of adsorbent were each
manually formed into spherical samples after ultra-
pure water had been added. The adsorbent granules
were then dried in an oven (Tianjin Tec 101-2ab,
China) at 105°C and then calcined in a muffle furnace
(Nabertherm P330, Germany) at 600°C. The prepara-
tion of the granular adsorbent impregnated with a
mixture of Al and Ca is described elsewhere [22,23].

A schematic diagram of the column adsorption
system is shown in Fig. 1. Adsorbent granules were
packed into nine plexiglass columns (each with an
inner diameter of 30 mm and a length of 200 mm).
The effective height of the adsorbent-packed section in
each column was 100 mm. The working volume of
each column was 43.6 mL and the pore volume was
22.68 mL. Three peristaltic pumps (Longer BT100-1F,
China) were used to pump water upwards through
the nine fixed columns, and samples of the effluents
were collected from the top of each column at regular
intervals. Each test was performed in triplicate, and
every data point in the breakthrough study is the
mean of those triplicate tests.

2.2. Experimental procedure

Studies using Taguchi’s orthogonal arrays are
highly efficient compared with full factorial experi-
ments [24]. For example, 1,024 experiments would
have to be conducted to investigate five factors at four
levels using a full factorial experiment, but only 16
experiments would be needed using Taguchi’s orthog-
onal method. Each row in the orthogonal array indi-
cates one run with a unique set of values for the
different parameters [25,26].

Adsorbents |

10,00 cm

Peristaltic pump 5% '-:f 1

Effluent water samples
3.00 em

-

Influent water

Fig. 1. Schematic diagram of lab-scale column study
(a column volume of 141 mL; a dry mass of 33 g).
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Range analysis using the average response value is
usually performed to determine the optimal combina-
tion of process parameters. The ANOVA method is
used to determine which factors are statistically signif-
icant [27].

In this study, the Taguchi experimental design (Ly
orthogonal array) was used to identify the optimal
conditions and the most appropriate adsorbent for use
in the column adsorption process to remove phospho-
rus from water. The controllable factors included the
adsorbent material, inflow rate, and initial phosphorus
concentration. The values for each of these factors
were determined from the results of previous investi-
gations [22,23] and are given in Table 1. The same
phosphorus concentration was used in this study as in
the batch study that we performed previously so that
the results of this study could be compared with the
results of the previous study. Besides flow rate and
phosphorus concentration were determined at a suit-
able extent to ensure result is noteworthy and avoid
taking too long time. The values of the specific factors
that were used for each column test are shown in
Table 2. The empty bed contact times at flow rates of
600, 800, and 1,000 uL./min were 1.21, 0.91, and 0.73 h,
respectively. The adsorption performance of a selected
bed was evaluated at the maximum bed volume (BV)
at the breakthrough point (C;/Cy=0.05). A break-
through curve was constructed by plotting the nor-
malized effluent phosphorus intensity (C;/Cy) against
the operation time or the BV. The BV was calculated
using the following equation [28].

BV = V¢ /Vi M

The saturation capacity of the adsorbent in the fixed
bed system was calculated using the following equa-
tion [29]:

Ve
ge = / (Co— CYdV /m @
0

where Vg is the total water volume flowing through
the selected column (mL), Vr is the pore volume of
the adsorption column (mL), C, is the influent phos-
phorus concentration (mg/L), C; is the effluent phos-
phorus concentration (mg/L), g. is the amount of
phosphate adsorbed on the adsorbent (mg/g), and m
is the mass of the adsorbent (g).

After the adsorption tests were complete the adsor-
bents were tested for the possibility of the phosphorus
being recycled. Each used adsorbent samples was
dried in an oven at 105°C. The white powder adhering
to each adsorbent fell off spontaneously during the
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Table 1
Factors and levels for the Taguchi Ly optimization experiment
Process parameter Designation Level 1 Level 2 Level 3
Flow rate (uL/min) A 600 800 1,000
P concentration (mg/L) B 20 30 40
Adsorbent material C Ca-GCM Al-GCM Ca/Al-GCM
Table 2
Chemical analysis of each adsorbent by SEM-EDS test
Composition (wt%) C o Mg Al Si S Ca P
Pristine AI-GCM 2.95 44.60 6.86 7.47 13.71 9.90 4.89 -
Used AI-GCM 2.75 54.35 3.01 6.51 11.92 8.50 3.81 9.16
Pristine Ca-GCM 7.35 55.27 1.90 3.56 9.49 1.86 25.56 -
Used Ca-GCM 7.78 58.16 0.36 2.66 8.68 - 20.95 10.41

drying process and collected in the bottom of the glass
container. The composition of white powder was
determined by X-ray diffraction (XRD) analysis (D8
FOCUS; Bruker, Germany).

2.3. Analytical methods

The phosphorus concentration in each aqueous
sample was measured using the ammonium molyb-
date spectrophotometric method, with detection at
700 nm (Hach DR/5000, USA). Each aqueous sample
was filtered through a 0.45 pm cellulose filter to
remove small colloids before the analysis was per-
formed. The effluent from each column was collected
every 6 h, at which time the pH of the solution was
determined wusing a standard pH meter (Orion
8157BNUMD, USA) and the aluminum concentration
was measured by inductively coupled plasma mass
spectrometry (using a 7500C instrument; Agilent Tech-
nologies Inc.,, USA). The morphological features of
each adsorbent were determined and spot elemental
analyses of the adsorbents were performed using scan-
ning electron microscopy (SEM) coupled with energy
dispersive X-ray spectroscopy (EDS) (55X-550; Shima-
dzu Corp., Japan). The mineral composition of white
powder was determined by XRD (Bruker D§ FOCUS).

3. Results and discussion
3.1. Characterization of the adsorbents

An SEM image was taken of the Ca-GCM before
and after it had been used in an adsorption test, and
the images are shown in Fig. 2(A) and (B). It can be

seen that the Ca-GCM had a loose and coarse surface
morphology before it had been used to adsorb phos-
phorus, and this was caused by the soluble starch
being burned off during the calcining process. We pre-
dicted that this porous structure would have a posi-
tive effect on the phosphorus adsorption process.
There were abundant agglomerates of globular parti-
cles still adhering to the surface of the adsorbent after
it had been used in an adsorption test. Manually mea-
suring micropores leads to unacceptable errors and
poor precision, and is an inefficient process. Therefore,
the “Pores (Particles) and Cracks Analysis System”
(PCAS), which can accurately compute various geo-
metric parameters, has been developed to quantify
microstructures [30]. We used the PCAS to analyze
the SEM images of Ca-GCM before and after it had
been used to adsorb phosphorus, to determine how
the microstructure changed during the adsorption pro-
cess. As expected, the porosity decreased from 40.57
to 26.04% (Fig. 2(C) and (D)). CaO can easily and
instantly be dissolved to form Ca®* and OH™ in an
aqueous solution. The pH of the effluent was 8.2
because of the hydrolysis of CaO in the adsorbent. It
has been shown that the dominant orthophosphate
species is phosphate at pH values above 7, dihydro-
gen phosphate at pH 3-7, and hydrogen phosphate at
pH values less than 3. At the pH values of the test
effluents, therefore, phosphate will combine with cal-
cium ions to form a precipitate that will adhere to the
surface of the adsorbent. It is therefore possible that
the mechanism by which Ca-GCM adsorbs phospho-
rus is actually a chemical precipitation process. This
process can be described in a simple way using the
following equations [22].
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Fig. 2. SEM images of (A) the pristine Ca-GCM; (B) the used Ca-GCM from the adsorption column; (C) the binary
diagrams of the pristine Ca-GCM; and (D) the used Ca-GCM from the adsorption column calculated by PCAS.

2Ca0 + H,0 — Ca(OH)"+OH "~ 3)
Ca(OH) " +H,0 — Ca(OH),+H" 4)

Ca(OH),+HPO; | PO;” + H,O — Ca3(POy),| +OH™
)

Ligand exchange and electrostatic attraction may play
secondary roles in the removal of phosphorus by the
adsorbents [31].

The unused Al-GCM had a similar porous surface
construction to that of the unused Ca-GCM (Fig. 3(A))
because they were produced using a similar process.
However, the AI-GCM that had been used to adsorb
phosphorus had a clearly different morphology from
that of the used Ca-GCM. Specifically, the surface of
the used Al-GCM was covered with abundant schis-
tose sedimentation (Fig. 3(B)), and the PCAS showed
that the porosity of the Al-GCM dropped from 36.38
to 12.31% during the adsorption process. Both the
SEM images and the binary images that were obtained
(Fig. 3(C) and (D)) indicated that phosphorus was
adsorbed onto the surface of the AI-GCM. Al,O5; has
been found to adsorb phosphate effectively, and the

adsorption mechanism involved is a complex mix of
ligand exchange and chemical precipitation processes
[23,32]. The adsorption process that is assumed to
occur is represented in the following equation.

2 = Al - OH + H,PO,; —= Al —, HPO, + H,0 + OH™
(6)

The pH of the effluent from the Al-GCM was 8.4
because OH™ was generated in the adsorption process.
It has been reported that, aluminum ions exist in the
form AL(OH), when the pH is higher than 8. Both
phosphate and AL(OH), will be negatively charged at
the effluent pH, so the efficiency at which phosphate
can be coagulated will be relatively low, meaning that
it is possible that ligand exchange and surface precipi-
tation will be involved in the adsorption of phospho-
rus by the AI-GCM.

The components in the Al/Ca-GCM after it had
been used for the adsorption process were identified
by EDS, and the results are presented in Table 2. Our
previous studies showed that aluminum and calcium
were the effective constituents in the adsorbents, and
the presence of phosphorus was taken as evidence
that surface adsorption reactions occurred. Aluminum
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Fig. 3. SEM images of (A) the pristine AI-GCM; (B) the used Al-GCM from the adsorption column; (C) the binary
diagrams of the pristine AI-GCM; and (D) the used Al-GCM from the adsorption column calculated by PCAS.

is harmful to humans, so the aluminum concentrations
in the effluent were measured. The aluminum concen-
trations in the effluent ranged from 0.04 to 0.10 mg/L,
and were lower than the Chinese drinking water qual-
ity standard (GB5749-2006), which is 0.2 mg/L [33].
We concluded, therefore, that treating wastewater con-
taining phosphate using the Al/Ca-GCM would have
little negative effect on water quality.

3.2. Taguchi analysis

A Taguchi Lo orthogonal array method was used
to optimize the conditions for removing phosphorus
from water (Table 3). To evaluate the effect of each
parameter on the optimization results, the acquired
data BV were analyzed by applying the ANOVA
method to the signal-to-noise ratios (SNis), using
Minitab software (version 14; Minitab Inc., version 14,
USA).

The nine breakthrough curves that were obtained
under the specified conditions are shown in Fig. 4,
and the breakthrough time and BV for each column is
shown in Table 4. The shapes of the breakthrough
curves indicated that phosphorus was removed from
the water efficiently. Phosphorus was not detected in
the effluents for the first 24 h of the tests, which sug-

Table 3
Taguchi Ly orthogonal array method

A B C
Experiment Flow Concentration Adsorbent
No. (uL/min)  (mg/L) material
1 600 20 Ca-GCM
2 600 30 Al-GCM
3 600 40 Ca/Al-GCM
4 800 30 Ca-GCM
5 800 40 Al-GCM
6 800 20 Ca/Al-GCM
7 1,000 40 Ca-GCM
8 1,000 20 Al-GCM
9 1,000 30 Ca/Al-GCM

gests that all of the phosphorus in the water was
adsorbed by the adsorbent close to the bottom of each
column. The phosphorus concentration in the effluent
increased gradually. Column No. 5 (4 =800 pL/min;
Co =40 mg/L; adsorbent material = AI-GCM) reached
the breakthrough point (C;/Cy = 0.05) at 52 h, indicat-
ing that the adsorbent in the lower part of the column
had become saturated with solutes. The phosphorus
concentration in the effluent continued to increase
until it approached the concentration in the inflow



3000 Y. Yu et al. | Desalination and Water Treatment 56 (2015) 2994-3004

10+
- o0sd
o
z
wt
=00
104 ’o 104 pooo 104 £oa
E-J
2 /—‘“‘”"p -°/O
o & /0/
7 %99 —
s o 30
= & £
o g ;
o 08 w 05 o w0 064 Fd
¥
3 J,f s o s §
09 z
°_o° ;j
& 3 &
M“m-ﬁ R ] Of ........... S e e e e o e ,fd" ...................................................
o 100 200 300 A0 S00 00 TOD 800 @00 o 100 200 300 A00 500 800 T00 00 P00 o 00 200 300 A0 S00 e00 T00 800 00
104 P 104 e W 104 2
o = a
Pahd j P
= o
D,O & o
Ja—o—‘a_" j ’fﬁ ol
ﬁ Q?d) ol
~ 054 res @ 054 0? o 054 59
o gﬁ o & o &
z go z ; z &
L] é
& j H
o
§ 4 §
= : fx
T T T T T T T T T T T T T T T T T T T T T T T T T
0 00 0 W00 40 S0 60 o0 800 000 0 100 0 M0 A0 S0 600 700 800 900 O W0 20 300 40 00 630 o0 800 000

Tirm a(h)

Fig. 4. Breakthrough curves of P adsorption on fixed bed for nine different conditions. The error range was all in the
range of 4%, No. 1: g = 600 pL/min; Cy = 20 mg/L; Adsorbent material = Ca-GCM, No. 2: g4 = 600 pL/min; Cy = 30 mg/L;
Adsorbent material = AI-GCM, No. 3: g = 600 pL/min; Cy = 40 mg/L; Adsorbent material = Ca-GCM & Al-GCM, No. 4:
q =800 pL/min; Cy =30 mg/L; Adsorbent material = Ca-GCM, No. 5: g =800 uL/min; Cy =40 mg/L; Adsorbent mate-
rial = AI-GCM, No. 6: g = 800 pL/min; Cy = 20 mg/L; Adsorbent material = Ca-GCM & Al-GCM, No. 7: g = 1,000 pL/min;
Co = 40 mg/L; Adsorbent material = Ca-GCM, No. 8: 4 = 1,000 pL/min; Cy = 20 mg/L; Adsorbent material = AI-GCM, No.
9: g =1,000 puL/min; Cy = 30 mg/L; Adsorbent material = Ca-GCM & Al-GCM.

Table 4

The breakthrough time and corresponding BVs of each adsorption column

Experiment No. 1 2 3 4 5 6 7 8 9
Breakthrough point (h) 223 59 102 94 24 115 45 43 48
Bed volumes at breakthrough point 354 93 162 199 52 243 119 114 127

(Bed volumes at breakthrough point) - (Cp) 7,080 2,790 6,480 5,970 2,080 4,860 4,760 2,280 3,810

Notes: The error range was all in the range of 4%, No. 1: g =600 pL/min; Co=20mg/L; Adsorbent material = Ca-GCM, No. 2:
q =600 pL/min; Cy = 30 mg/L; Adsorbent material = AI-GCM, No. 3 g = 600 pL/min; Cy = 40 mg/L; Adsorbent material = Ca/Al-GCM,
No. 4: g=800 pL/min; Cy=30mg/L; Adsorbent material = Ca-GCM, No. 5: g =800 uL/min; Cy =40 mg/L; Adsorbent material =
Al-GCM, No. 6: g =800 pL/min; Cy =20 mg/L; Adsorbent material = Ca/Al-GCM, No. 7: g = 1,000 pL/min; Co =40 mg/L; Adsorbent
material = Ca-GCM, No. 8: g =1,000 pL/min; Cy =20 mg/L; Adsorbent material = AI-GCM, No. 9: g =1,000 pL/min; Cy =30 mg/L;
Adsorbent material = Ca/Al-GCM.
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water, at which time the entire column was saturated.
Column No. 1 (g =600 pL/min; Cy =20 mg/L; adsor-
bent material = Ca-GCM) performed better than the
other columns, reaching the 5% breakthrough point at
223 h. The saturation capacity of column No. 1 was
9.12 mg/g (calculated from the phosphorus concentra-
tions in the influent and effluent). In the batch studies
we performed previously, the amounts of phosphorus
adsorbed by the Ca-GCM increased from 1.98 to
9.51 mg/g as the initial phosphorus concentration was
increased from 10 to 50 mg/L [22]. The higher adsorp-
tion capacity achieved in the fixed bed system could
have been caused by the longer contact time between
the solute and the adsorbent and by the conditions
being better for the solutes to diffuse around the mate-
rial. Similar results were reported by Bang et al. [34].

We used the SN, parameter to interpret the Tagu-
chi design results and determine the optimum condi-
tions for the adsorption of phosphorus. The grades
used to classify the influences of the test parameters
on the performance statistics are given in Fig. 5. The
objective of the experiment was to maximize the BV.
The optimum conditions were identified using the fol-
lowing equation:

SN = —10log (%Zy%) @)

i=1

where SNy, is the S/N ratio, n is the number of experi-
ments, y; is the response of each trial using a specified
combination of control factor levels, and SNy is the
ratio of the mean response to the standard deviation.
A higher SN value indicates better system perfor-
mance.
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As is shown in Fig. 5(A), increasing the flow rate
decreased the SNi. Increasing the contact time may
have allowed the phosphorus to penetrate the pores
of the adsorbents more effectively. As is shown in
Fig. 5(B), increasing the initial phosphorus concentra-
tion decreased the SN, the binding sites on the
adsorbent in the fixed bed becoming saturated more
rapidly. The breakthrough point occurred later when
lower initial phosphorus concentrations were used
because of the non-linearity of the adsorption pro-
cess. The q/Cy (the ratio between the amount of
phosphorus adsorbed (mg/g) and the initial phos-
phorus concentration) value could be higher at a
lower initial phosphorus concentration than at a
higher concentration [35]. As is shown in Fig. 5(C),
the BV of the phosphorus adsorption bed for the
three kinds of adsorbent materials decreased in the
order Ca-GCM > Ca/Al-GCM > AI-GCM, indicating
that Ca-GCM was the most suitable material for
the fixed bed system. In our previous batch tests,
the adsorption of phosphorus by Al-GCM reached
equilibrium at 12 and 24 h when the initial phospho-
rus concentration was 20 and 50 mg/L, respectively
[23]. Equilibrium was reached more quickly using
Ca-GCM than using AlI-GCM (2.5 and 6 h, respec-
tively) in the batch tests [22,36]. Overall, the best
parameters found in the fixed bed tests described
here, defined as the parameters giving the highest
SNp, were g =600 uL/min, Cy=20mg/L, and mate-
rial = Ca-GCM.

After the optimization study was completed, a con-
firmation test was performed using the optimum
value that had been found for each parameter. The
predicted BV (calculated at the 95% confidence inter-
val) was 339, which was 4% lower than the actual
experimental result (354).

(A) 4 (B) (©)
-
a|L L L =
£ ' .. "
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- . |
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w .
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600 800 1000 20 30 40 Ca-GCM  Al-GCM Ca-GCM & Al-GCM

Flow rate(uL/min)

P concentration(mg/L)

Adsorbent material

Fig. 5. The effect of flow rate (A), initial phosphorus concentration (B), and adsorbent material (C) on the SN, in the

removal of phosphorus.
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As is shown in Table 5, the ANOVA gave an R*
value of 98.53% for phosphorus removal, which indi-
cated that the model explained 98.53% of the variabil-
ity in the Taguchi method. The adjusted R* for the
model was 94.11%, which was very similar to the
actual R* value, indicating that there were almost no
non-significant terms in the empirical model of phos-
phorus removal. As is shown in Table 5, the most
important factor that influenced the system perfor-
mance was the adsorbent material (Factor C), which
was found to contribute 55.5% of the SNy. The initial
phosphorus concentration (Factor B) was the second
most important factor that affected the system perfor-
mance, and it was found to contribute 35.7% of the
SNy. The flow rate was found to be a relatively minor
factor, contributing only 8.78% of the SNi. The weak
response of the phosphorus adsorption to the flow
rate demonstrated that the adsorption process
depended little on diffusion, and that the mass trans-
fer rate could be increased at higher flow rates. These
results agreed well with those reported by Guo et al.
[37], although activated siderite-hematite column fil-
ters were used to remove arsenic in that study, and a
weak response to the flow rate was found.

3.3. Phosphorus recycling

Recycling phosphorus from wastewater will mean
that less phosphorus resources will need to be con-
sumed, and that less phosphorus will be emitted to
the aquatic environment. Therefore, phosphorus recy-
cling is seen as an important part of the phosphorus
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Table 5

ANOVA for result of experiment with SN as response
parameter

Source DF SS MS F value P
Flow 2  16.633 8317 5.88 0.145
Concentration 2 67599 33799 23.92 0.040
Adsorbent material 2  105.010 52.505 37.15 0.026
Error 2 1,080 540 - -
Total 8 67,037 - - -

Notes: The error range was 4.42%. R®=98.53%, R (adjusted)
=94.11%, DF, degree of freedom; SS, sum of squares; MS: mean
square.

removal process. The white powder that adhered to
the surfaces of the adsorbents is shown in Fig. 6(A),
and the results of XRD analysis of the powder are pre-
sented in Fig. 6(B). Hydroxylapatite crystals were
found to be the main mineralogical component of the
powder (84.79%). Li et al. [38] found similar results,
and found that hydroxylapatite was formed at points
of interaction between calcium and phosphate at min-
eral/water interfaces at pH 9.0. A small amount of
augelite was also found in our end-product. Both
hydroxylapatite and augelite crystals can easily be
recycled because they can be used in agricultural and
industrial processes. Therefore, the system described
here can be used to remove phosphorus from waste-
water effectively and to allow the phosphorus to be
economically recycled for use in agricultural and
industrial processes.

4000

(B)
3000—\_
H
M I
Q
gzuoo-\ '\
3 \ ||
s |\ |
) 1000 \\wl |]|
" A
| l
\./IJ\‘ \Jlﬂbu’-}'ll‘)ul \
W
e » w % & =
20 (degrees)

Fig. 6. Photo of white powders collected from the surface of adsorbents (A) and the XRD analysis (B).
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4. Conclusions

The effects of using different adsorbent materials
(Ca-GCM, Al-GCM, and Ca/Al-GCM), different initial
phosphorus concentrations (20, 30, and 40 mg/L), and
different flow rates (600, 800, and 1,000 uL/min) on
the effectiveness of a fixed bed phosphorus removal
system were investigated using the Taguchi experi-
mental design method. The most phosphorus that was
adsorbed by a material was 9.12 mg/g, and the BV
was 354 under the conditions used to achieve that
(material = Ca-GCM, Cy=20mg/L, g =600 pL/min).
The type of adsorbent material and the phosphorus
concentration had the strongest effects on the phos-
phorus removal efficiency. It was found that phospho-
rus could be effectively recycled using a Ca/Al-
impregnated granular clay material with a fixed bed
system. The products of the adsorption process were
hydroxylapatite and augelite crystals, which are good
sources of phosphorus for plants and for use in other
agricultural processes. Overall, our results indicate
that there is strong potential for using Ca/Al-GCMs to
remove phosphorus from water. However, further
research will be required to identify the applications
this system will be suited to and to identify new
opportunities that could be exploited.
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