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Evaluation of advanced phosphorus removal from
slaughterhouse wastewater using industrial waste-based
adsorbents
Shengdan Sun, Chuanping Feng, Shuang Tong, Yan Zhao, Nan Chen
and Ming Zhu

ABSTRACT
Slaughterhouse wastewater (SWW) contains high concentrations of phosphorus (P) and is considered
as a principal industrial contaminant that causes eutrophication. This study developed two kinds of
economical P removal adsorbents using ﬂue gas desulfurization gypsum (FGDG) as the main raw
material and bentonite, clay, steel slag and ﬂy ash as the additives. The maximum adsorption capacity
of the adsorbent composed of 60% FGDG, 20% steel slag, and 20% ﬂy ash (DSGA2) was found to be
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15.85 mg P/g, which was 19 times that of the adsorbent synthesized using 60% FGDG, 30% bentonite,
and 10% clay (DSGA1) (0.82 mg P/g). Surface adsorption, internal diffusion, and ionic dissolution coexisted in the P removal process. The adsorption capacity of DSGA2 (2.50 mg P/g) was also evaluated
in column experiments. The removal efﬁciency was determined to be higher than 92% in the ﬁrst 5
days, while the corresponding efﬂuent concentration was lower than the Chinese upcoming SWW
discharge limit of 2 mg P/L. Compared with DSGA1, DSGA2 (synthesized from various industrial
wastes) showed obvious advantages in improving adsorption capacity of P. The results showed that
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DSGA2 is a promising adsorbent for the advanced removal of P from SWW in practical applications.
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HIGHLIGHTS

•
•
•
•

We developed an efﬁcient granular adsorbent based on industrial waste.
P removal from slaughterhouse wastewater was achieved with reused industrial waste.
Actual treated slaughterhouse wastewater was used in continuous ﬂow experiments.
Surface adsorption, internal diffusion and ionic dissolution played a role in the P
removal process.

INTRODUCTION
Increased income and living standards have promoted the
development of the slaughtering and meat processing
industry over the last few decades (Bouwman et al.
). Efﬂuent wastewater coming from slaughterhouse
This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying
and redistribution for non-commercial purposes with no derivatives,
provided the original work is properly cited (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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wastewaters (SWW) contained 1,700–2,100 mg/L chemical oxygen demand (COD), 115–211 mg/L total nitrogen
(TN) and 18.0–37.5 mg/L total phosphorus (TP) (Tong
et al. ). It is obvious that large amounts of SWW discharged into the aquatic environments would lead to the
eutrophication of surface water and pollution of
groundwater.
Nowadays, the removal of phosphorus (P) from SWW is
achieved using physicochemical (Prazeres et al. ) and
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biological methods (Tong et al. ). Although biological
methods, such as anaerobic and aerobic processes, are effective, strict operating conditions (Tong et al. ), high
energy consumption and instable operations have limited
their application in practical engineering. At the same
time, the method of chemical precipitation is expensive
(Prazeres et al. ). The method of adsorption has been
widely used to treat SWW due to its high efﬁciency, and
economical, and stable operation (Prazeres et al. ). In
addition, due to the high selectivity of the adsorption
method, the recovery of P was feasible (Nguyen et al.
). However, only a handful of studies has shown the
removal of P from SWW using adsorption. Therefore, it is
necessary to develop and study an efﬁcient, stable, and economic adsorbent for the advanced removal of P from SWW to
minimize the risk of contamination.
In order to save disposal costs and attain the goal of treating waste using wastes, there is an increasing trend of using
industrial wastes to mitigate environmental pollution. Desulfurization gypsum (Chen et al. ), steel slag (Barca et al.
), and ﬂy ash (Li et al. ) have been extensively studied
as the P adsorbent due to their abundant calcium, iron, magnesium, and aluminum element content. The above studies
have shown a low utilization efﬁciency and adsorption
capacity of P. Some progress has been made in the preparation of composite adsorbents by modifying industrial
materials, such as through the nano-modiﬁcation (Chen
et al. ) and acidic treatment of industrial wastes (Xue
et al. ). Previous studies have conﬁrmed that the adsorbents synthesized using industrial wastes are feasible for P
removal from synthetic wastewater with only a single contaminant (Yin et al. ). However, the characteristics of
SWW was much more complex than synthetic wastewater.
Therefore, the adsorbents based on industrial wastes were
evaluated for advanced P removal from SWW.
The main composition of ﬂue gas desulfurization gypsum
(FGDG) is the same as that of natural gypsum. It had been
widely studied because no heavy metals dissolve out during
the P removal process (Cheng et al. ). Therefore, in this
study, FGDG was used as the main component to study the
difference of performance between FGDG þ natural crystal
materials (bentonite and clay) and FGDG þ industrial waste
(steel slug and ﬂy ash) for removing P from SWW. The
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particular objectives of the current work were to: (1) develop
two different types of granulated adsorbents, which were
based upon industrial wastes, and used to achieve advanced
P removal from SWW, (2) investigate the maximum adsorption capacity and analyze the adsorption mechanisms of P,
and (3) evaluate the inﬂuence of co-existing ions and the performance of practical wastewater treatment through packed
column study. The results are expected to provide support
for practical engineering application of such novel wastebased P-removing adsorbents.

MATERIALS AND METHODS
Experimental solution
1 L stock solution of 500 mg P/L was prepared by dissolving
2.1935 g KH2PO4 (anhydrous, analytical grade, China) in
deionized water and diluted 20 times to 25 mg P/L before
the experiments. After anaerobic and aerobic treatment of
SWW, the efﬂuent quality became better (with much lower
COD and N species concentrations) but still contained
high P. Hence, the actual secondary biological efﬂuent of
SWW was obtained from the laboratory-scale anaerobic
and aerobic processes for tertiary P removal. Various
characteristics of the SWW are presented in Table 1.
Preparation of DSGA1 and DSGA2
Several batches of adsorbents under different mixing ratios,
particle size and calcination temperatures were made. After
the test of P removal efﬁciency, two of them were selected
for this study. DSGA1 (particle size of 2–5 mm) was composed
of 60% FGDG, 30% bentonite, and 10% clay. The synthesized
DSGA1 samples were calcined in a mufﬂe furnace at 1,050  C
for 2 h. Conversely, DSGA2 (particle size of 2–5 mm) was
composed of 60% FGDG, 20% steel slag, and 20% ﬂy ash.
The synthesized DSGA2 samples were calcined in a mufﬂe
furnace at 1,100  C for 2 h.
FGDG used for this study was supplied by the Tangshan
Sanyou Chemical Industry Co., Ltd, China. The clay was
knar clay obtained from Tangshan Hebei, China. Bentonite
was purchased from Sinopharm Chemical Reagent Co., Ltd,

Characteristics of the actual secondary efﬂuent of SWW






Parameter (mg/L)

TN

NO3 -N

NO2 -N

TP

PO34 -P

CODCr

pH

SWW

62.15

57.95

0.08

25.03

24.68

80.00

7.0–8.0
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China. Steel slag and ﬂy ash were obtained from Tangshan
Jidong Cement Co., Ltd, China.
Before and after the experiments, both the adsorbents
were analyzed using electron probe microanalysis (EPMA)
(EPMA-1600, Shimadzu, Japan) to elemental analysis,
X-ray diffraction (XRD) (Burker D8 focus, Germany) to crystallization phase analysis, and scanning electron microscopy
(SEM) (SSX-550, Shimadzu, Japan) to study their surface
characteristics. Speciﬁc area, porosity, and pore size distribution were obtained using the Brunauer–Emmett–Teller
(BET) method (AUTOS-ORBiQ2, Quantachrome, USA) to
study the corresponding total pore volume and average
pore diameter.
Batch experiments
At room temperature 25 ± 2  C, 0.5 g DSGA1 and 0.5 g
DSGA2 were separately placed in 500 mL conical ﬂasks
that contained 400 mL KH2PO4 solution (25 mg P/L).
Duplicate conical ﬂasks were made for each condition,
and samples were taken in parallel. Flasks were all sealed
and then placed into a constant temperature oscillator to
shake at 60 r/min. Then, a 3 mL liquid sample was taken
from each ﬂask at 1, 2, 4, 8, 12, 18, and 24 h during the
ﬁrst day, followed by sampling after every 24 h until
equilibrium.
The adsorption capacity of P for the two adsorbents was
calculated using Equation (1):
Qt ¼

(C0  Ct )V
M

(1)

where Qt (mg P/g) is the adsorption capacity at time t, C0
and Ct (mg P/L) are the initial concentration of P and the
concentration of P at time t, respectively, V (L) is the
volume at the measuring time of the solution, and M (g) is
the mass of the adsorbent.
Continuous-ﬂow experiments
In batch experiments, it was observed that DSGA2 had a
larger capacity than DSGA1. Therefore, DSGA2 was
chosen for further column experiments. The up-ﬂow columns were made of polymethyl methacrylate with an
internal diameter of 2.5 cm and length of 20.0 cm. The effective volume of the column was approximately 100 mL and
was ﬁlled with about 53 g of DSGA2 to run at room temperature (25 ± 2  C). The inﬂuent was pumped into the
bottom and overﬂowed from the top of the columns.
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The equilibrium time was 360 h. obtained in a batch
experiment. This was equivalent to 0.36 h in a column
experiment (HRT). Considering the inﬂuence of contact
time on the mass transfer process in the column study,
safety factor 2 was introduced. The ﬂow rate and the hydraulic retention time in the column study were 0.8 mL/min and
0.67 h, respectively. The inﬂuent for Column 1# was the
actual SWW, coming from the secondary biological process,
at a ﬂow rate of 0.8 mL/min. The inﬂuent for Column 2#
was the synthetic 25 mg P/L wastewater ﬂowing at the
same ﬂow as Column 1#. When the efﬂuent P concentration
reached 10% of inﬂuent, the columns reached the breakthrough point. Similarly, 90% was the depletion point.
Samples were taken four times a day before the columns
reached the breakthrough point and then two times until
they reached the depletion point. Given the effects of the
co-existing anions in SWW on ions dissolution of DSGA2,
þ
2þ
þ
2þ

the concentrations of NHþ
4 , Na , Mg , K , Ca , Cl ,


2
NO2 , NO3 , and SO4 were detected.
The maximum adsorption capacity obtained in batch
experiments is usually greater than that in practical applications. Therefore, in this study, the adsorption capacity
(Qp) was calculated in experiments to provide a reference
value for actual engineering design. Here, Qp (mg P/g)
was the adsorption capacity at the breakthrough point in
columnar experiments. However, to obtain the efﬂuent P
concentration lower than the SWW discharge limit of
2 mg/L, the efﬂuent concentration should be less than the
8% of the inﬂuent concentration, which means that the
removal efﬁciency should be higher than 92%. Therefore,
the adsorption capacity can be roughly calculated using
Equation (2):
Qp ¼

(Cin  2)Tv
1000M

(2)

where Cin (mg/L) is the inﬂuent concentration, which has a
maximum value when the inﬂuent concentration is unstable,
T (min) is the total operation time of the column, its efﬂuent
P concentration exceeded the acceptable value of 2 mg P/L
(discharge limit for SWW). v (mL/min) is the ﬂow rate
(0.8 mL/min). M (g) carries the same meanings as previously
deﬁned.
Analytical methods
Water samples were taken from batch and column studies
and ﬁltered through a 0.45 μm membrane before detection.
TP, PO3
4 -P, and TN were measured using an ultraviolet-
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visible spectrophotometer (DR-6000, HACH, USA) according to the Chinese NEPA standard methods (NEPA ),
and the method detection limits (MDLs) were 0.01, 0.01,
and 0.05 mg/L, respectively. COD was measured through
Lovibond mid-range kits with the MDL of 0–1, 500 mg/L.
þ
2þ
þ
2þ


Furthermore, NHþ
4 , Na , Mg , K , Ca , Cl , NO2 ,

2
NO3 , and SO4 concentrations were measured using
Metrohm Eco Compact IC Pro (Herisau, Switzerland) ion
chromatography. The MDLs for these ions were 0.13, 0.07,
0.02, 0.07, 0,07, 0.04, 0.01, 0.01, 0.01, and 0.25 mg/L,
respectively.
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a potential for P removal from polluted water. Li et al.
() suggested that ﬂy ash was rich in Ca and Fe oxides
and considered as an efﬁcient and cheap byproduct for the
adsorption of P. Kang et al. () reported that the main
elements of FGDG were Ca, O, and S. The predominant
mechanisms can be postulated according to the Reaction
Equations (3)–(5) (Hermassi et al. ):

CaO þ HPO2
4 =H2 PO4 ! CaHPO4 =Ca5 (OH)(PO4 )3

(3)

Fe2 O3 þ H2 O ! Fe(OH)3

(4)


Fe(OH)3 þ HPO2
4 =H2 PO4

! FePO4 þ OH þ H2 O

(5)

RESULTS AND DISCUSSION
XRD analysis of the adsorbents
EPMA analysis of the adsorbents
The crystal structures of DSGA1 and DSGA2 before (fresh
samples) and after (see Supplementary Information (SI))
the reaction were determined using XRD (Figure 1). There
were no signiﬁcant changes of peak position for both the
DSGA1 and DSGA2 before and after the reaction, showing
that almost no new components inﬁltrated to adsorbents
(Hu et al. ). After the reaction, the heights of many
peaks decreased signiﬁcantly for DSGA2. As shown in
Figure 1(c) and 1(d), it can be seen that CaSO4 and Fe2O3
in DSGA2 that almost vanished after the reaction. Therefore, the XRD results also demonstrated that high levels of
ion dissolution and chemical precipitation occurred during
the removal of P using DSGA2. Barca et al. () showed
that the higher amounts of Ca and Fe in steel slag implied

Chemical properties of the proposed adsorbents were investigated using EPMA. White precipitation was observed in
the column experiments using DSGA2. In order to further
explore the adsorption mechanism, the precipitate was
also collected from the Column 2# and analyzed. The results
are summarized in Table 2. Considering the main elements
during P adsorption, the EPMA results (Table 2) showed
that DSGA1 had 2.83 Mol% of Ca as the dominant reacted
mineral, followed by Fe with 0.33 Mol%. Conversely,
DSGA2 had 14.42 Mol% of Ca, followed by Fe and Mg
with 11.23 Mol% and 5.46 Mol%, respectively. As shown
in Figure 1, it can be seen that CaSO4 and Fe2O3 almost vanished during the reaction for DSGA2. When DSGA2 was
put into the solution, the Ca2þ and Fe3þ in the material
would dissolve into the KH2PO4 solution due to the mass
2
transfer process. Different ionic species (H2PO
4 , HPO4 ,
3
and PO4 ) were involved in P removal process, which
Table 2

|

Main relevant elements of the fresh and used adsorbents and the white
precipitate

Figure 1

|

DSGA1
Fresh

DSGA1
Used

DSGA2
Fresh

DSGA2
Used

Precipitatea

Element

(Mol%)

(Mol%)

(Mol%)

(Mol%)

(Mol%)

Fe

0.33

0.23

11.23

0.82

—

Ca

2.83

1.50

14.42

11.86

15.64

Mg

1.13

1.76

5.46

0.48

0.20

Al

7.39

11.43

3.91

5.77

0.30

P

0.06

0.22

0.31

0.15

5.72

Mn

—

—

2.04

1.30

—

XRD patterns of (a) DSGA1 before the reaction; (b) DSGA1 after the reaction;
(c) DSGA2 before the reaction; (d) DSGA2 after the reaction.
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were dependent on the pH of solution, as expressed by Reaction Equation (6) (Zhang et al. ). The pH values in this
research were within the range 7.0–9.0, the PO3
and
4
HPO2
were
the
main
species
of
P.
It
is
well
known
that
4
the pKsp values of Fe2(HPO4)3 and Ca5(PO4)3OH(s) are 30
and 37, respectively. Hence, chemical precipitation could
occur due to the ionic dissolution in this study. The results
were consistent with that of XRD analysis:
K1

K2

þ
H3 PO4 ! H2 PO
! HPO2
4 þ H
4
K3

þ 2Hþ ! PO3
þ 3Hþ
4

(6)

where pK1 ¼ 2.15, pK2 ¼ 7.20 and pK3 ¼ 12.33, respectively.
For DSGA1, the increase P content from 0.06 Mol%
(fresh) to 0.22 Mol%. (used) may be because the surface
adsorption was the main pathway for P removal. For
DSGA 2, the decrease in P content from 0.31 Mol%
(fresh) to 0.15 Mol% (used) may be because ion dissolution
and chemical precipitation were the main pathways. The
content of Mg and Al ions in DSGA1 increased from
1.13 Mol% to 1.76 Mol%, and from 7.39 Mol% to
11.43 Mol%, respectively. This could be due to the reduction
of other elements, for these results represent the relative
content. This can also explain the increases in the contents
of Al ions from 3.91 Mol% to 5.77 Mol% in DSGA2.
According to the change in their respective contents in
DSGA1 (fresh and used), the utilization efﬁciencies of Fe
and Ca were calculated to be about 30% and 47%, respectively. As the elemental contents of Ca were higher than
those of Fe, the utilization of Ca in DSGA1 was higher.
This phenomenon can also be explained through the general
mass transfer process. Speciﬁcally, the content of Fe in
raw material was much lower than that of Ca, which led
to a signiﬁcant decrease in Fe content on the DSGA1 surface. As the content of Ca and Fe in DSGA2 was
obviously higher than that in DSGA1, there was obvious
ion dissolution and a chemical precipitation process in
DSGA2. According to the change in their respective contents in DSGA2 (fresh and used), the utilization
efﬁciencies of Fe and Ca were calculated to be about 93%
and 0.18%, respectively. It is well known that the pKsp
values of Fe2(HPO4)3 and CaHPO4 are 30 and 7, respectively. According to the above reaction sequence, Fe3þ
would be used ﬁrst. As shown in the Supplementary information, the used DSGA2 still contained a certain amount
of Ca2þ, so the calculated utilization rate of Ca was much
lower than that of Fe in this study. Therefore, considering
the utilization efﬁciencies mentioned above, Ca2þ and
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Fe3þ were the available ions for ionic dissolution during
the P removal process. It also conﬁrmed that mixing of
various industrial wastes may improve the utilization of
available metal ions.
BET analysis of the adsorbents
The textural parameters of DSGA1 and DSGA2 are summarized in Table 3. As shown in Table 3, the BET surface
areas of DSGA1 and DSGA2 were 17.189 and 1.721 m2/g,
respectively. The signiﬁcant difference may be because
DSGA1 contained 30% bentonite and 10% clay. Both bentonite and clay were clay minerals, which have smaller
particle size and larger speciﬁc surface area than steel slag
and ﬂy ash. Surface areas and the pore size distributions
of the adsorbents were the main inﬂuencing factors of physical adsorption (Li et al. ). Combined with the changes
in P content in adsorbents (fresh and used) (shown in
Table 2), surface adsorption and chemical precipitation may
be the main pathways for DSGA1 and DSGA2, respectively.
SEM analysis of the adsorbents
The SEM images for DSGA1 and DSGA2 before and after
reaction are shown in Figure 2. Figure 2(a)–2(d) shows
that DSGA1 and DSGA2 had rough surfaces and many
small holes were observed on their surfaces and the internal
structure. Therefore, surface and internal diffusion could
occur in P removal. As shown in Figure 2(e)–2(h), many ﬂoccules were present during the experiments for both DSGA1
and DSGA2. Figure 2(g) and 2(h) show that the internal
pores became markedly larger and shallower for DSGA2.
This suggests that many ions may dissociate from DSGA2
and a new surface would be formed, ﬁnally. Then, the dissolved ions would incur further chemical precipitation in
solution. These results were consistent with the results
observed by XRD and EPMA. First, XRD results showed
that CaSO4 and Fe2O3 in DSGA2 almost vanished after
the reaction (Figure 1(c) and 1(d)). Second, EPMA results
showed that the main elements in white precipitation were
Ca and P (Table 2). The appearance of ﬂoccules may be
Table 3

|

BET results of DSGA1 and DSGA2

BET surface area

Total pore volume

Average pore

Type of material

(m2/g)

(cm3/g)

diameter (nm)

DSGA1

17.189

0.116

4.911

DSGA2

1.721

0.003

1.446
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Scanning electron microscope (SEM) images: (a) Surface of DSGA1 before the reaction; (b) interior of DSGA1 before the reaction; (c) surface of DSGA2 before the reaction; (d)
interior of DSGA2 before the reaction; (e) surface of DSGA1 after the reaction; (f) interior of DSGA1 after the reaction; (g) surface of DSGA2 after the reaction, and (h) interior of
DSGA2 after the reaction.
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due to the adsorption of precipitates or/and P on the
surface.
Effect of contact time on adsorption capacity
The contact time of adsorbent and solution had a great signiﬁcance in practical applications. When the adsorption
reached equilibrium in the batch experiments, there is
maximum contact time. Generally, this can provide reference for hydraulic retention time. The results for the
adsorption capacities of DSGA1 and DSGA2 are illustrated
in Figure 3. The removal capacity of DSGA1 and DSGA2
reached the maximum at 96 and 312 h, respectively.
However, the maximum adsorption capacity for DSGA2
was 15.85 mg P/g, which was 19 times higher than that of
DSGA1 (0.82 mg P/g).
During the ﬁrst 24 h, the adsorption capacity of DSGA2
increased over time and the rate was 0.065 mg g1 h1
(R2 ¼ 0.959). Between 24 and 48 h, the adsorption rate
decreased, which was similar to the previously reported
results (Chen et al. ). As reported in a previous study,
the reaction would reach equilibrium according to the
trend analysis of 24–48 h, whereas the tendency for equilibrium would be indicated by the results presented in
Figure 3 in black dotted lines. However, adsorption rate
was 0.035 mg g1 h1 (R2 ¼ 0.997) between 48 and 144 h,
highlighting a strong increasing trend compared to the
black dotted lines. This could be due to the ionic dissolution
between 48 and 144 h of the adsorption process. During
144–264 h, the rate was 0.073 mg g1 h1 (R2 ¼ 0.998),
which was similar to the value at 0–24 h. Hence, a new

Figure 3
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surface may have formed at 144 h. In the ﬁnal stage
(>264 h), the rate decreased over time and became almost
zero. Therefore, in this research, it can be inferred that
there were three distinct pathways (shown in Figure 4) for
P removal using DSGA2, which included surface adsorption, internal diffusion, and ionic dissolution. These results
were in line with previous studies (Gu et al. ).
Therefore, the P removal mechanisms for both DSGA1
and DSGA2 include three pathways, in which surface
adsorption and chemical precipitation were the main pathways for DSGA1 and DSGA2, respectively. The possible
adsorption pathways for P removal are shown in Figure 4.
There are two reasons for the different adsorption
capacities between DSGA1 and DSGA2. On the one
hand, the contents of metal ions in DSGA2 were relatively
higher than DSGA1 due to the presence of steel slag and
ﬂy ash. Some previous studies have reported that steel slag
and ﬂy ash were effective P removal materials and rich in
minerals (Claveaumallet et al. ). The EPMA results
(Table 2) showed that the contents of Fe and Ca in
DSGA2 were 34 times and ﬁve times that in DSGA1. On
the other hand, ﬂy ash, and steel slag may improve the utilization of available metal ions in FGDG. Synergistic effects
might exist among various kinds of industrial wastes used to
synthesize DSGA2. The utilization efﬁciencies of Fe in
DSGA1 and DSGA2 were calculated to be about 30% and
93%, respectively. Cheng et al. () reported that, for the
nanosized desulfurization gypsum, the maximum adsorption capacity was 23.66 mg P/g (R2 ¼ 0.999). The
adsorption capacity of granular adsorbent of DSGA2 was
15.85 mg P/g, which was close to the maximum release of

Relationship between the contact times and adsorption capacities of DSGA1 and DSGA2.
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P adsorption mechanisms for DSGA1 and DSGA2.

nanoscale. The result also veriﬁed that the existence of steel
slag and ﬂy ash improves the utilization ratio of FGDG.
Therefore, mixing various kinds of industrial wastes has
been proven as a cost-effective method to improve the utilization of these waste materials and their adsorption capacity
for P.
In addition, DSGA2 contained about 2.04 Mol% Mn
(Table 2). The element Mn concentration in solution was
kept lower than the MDL of 0.005 mg/L during the process,
which may be because DSGA2 was only composed of
20% steel slag and Mn was ﬁxed on it without dissolution.
Hydroxyapatite was reported as a highly effective heavy
metal adsorbent with low water solubility and high stability
(Meski et al. ). This may be further reducing the risk of

Figure 5

Water Science & Technology

heavy metal contamination when chemical precipitation
occurs and hydroxyapatite was formed in the process of P
removal.
Estimation of the breakthrough curves
Breakthrough curves for two kinds of inﬂuent waters are presented in Figure 5. In Column 1#, over 92% of P removal was
achieved in 5 d after the operation, whereas the Qp value was
2.50 mg/g. The ﬁrst value greater than 10% (breakthrough
point) for Column 1# was 0.12 (12%) at 5.5 d. It was at 8.0
d that the ﬁrst point greater than 10% (14%) appeared in
Column 2#, which then disappeared in the next sample.
Both the columns were subjected to interruption tests

Breakthrough curves of Columns 1# (inﬂuent was the actual SWW) and 2# (inﬂuent was the synthetic P-contained solution) showing interruption tests. (Note that C0 is the initial
P concentration, Ct is the P concentration at time t.)
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during the periods of 12 d. The corresponding results are
marked in circles in Figure 5. After the 24 h interruption, it
can be seen that only the treatment effect of Column 2#
was restored. This illustrated that Column 2# was easier to
be regenerated than Column 1# during the process.
No suitable typical breakthrough curves were found for
use in Columns 1# and 2#. On the one hand, it was apparent
that a fraction of adsorption sites was not easily accessible.
Therefore, the efﬂuent P concentration became unstable
during the process. On the other hand, the complex internal
structure and pores of the particles were used to explain this
phenomenon (Ouvrard et al. ). Furthermore, a better
treatment effect was observed immediately after the interruption in Column 2#. It may testify that the mass transfer
process, especially the intraparticle diffusion, played a signiﬁcant role when column was fed with KH2PO4 solution
(Demarco et al. ; Greenleaf & Sengupta ; Sengupta
& Pandit ). It also validated the above presumption that
P removal using DSGA2 included surface adsorption,
internal diffusion, and ionic dissolution. This can successfully explain why only Column 2# was regenerated after
the 24 h interruption. This was because the presence of
various ions in the actual SWW can affect the P intraparticle
diffusion process.

Figure 6
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Effect of the co-existing anions
The SWW contained various kinds of co-existing anions,
which could potentially compete with P for the adsorptive
sites (He et al. ), thus accordingly affecting the performance of P removal. The effects of typical co-existing
2þ
þ
þ

cations and anions, such as NHþ
4 , Mg , K , Na , NO2 ,


NO3 , and Cl on the adsorption process were investigated.
The concentrations of cations and anions in SWW were
found in the following descending order: Naþ > Kþ >


Mg2þ > NHþ
[Figure 6(a)] and NO
4
3 > Cl > NO2
[Figure 6(b)]. Figure 6(c) and 6(d) demonstrate the cations
that mainly consisted of Ca2þ and Kþ, whereas the anions
were SO2
4 in Column 2#.
Comparing Figure 6(a) and 6(c), there were consistent
trends for Ca2þ in the two columns although the concentrations of the cation were different. These results showed
that Ca2þ was the major cation reacting with P [Figure 6(a)
and 6(c)]. Moreover, there was white precipitation in both
the columns. In order to minimize the disruption caused
by other factors, the precipitate was collected from
Column 2#. The elemental results of white precipitation
are also presented in Table 2. As shown by the results presented in Table 2, the precipitate had 15.64 Mol% of Ca

Temporal changes in cation and anion concentrations in the reactors: (a) Cation of Column 1#; (b) Anion of Column 1#; (c) Cation of Column 2# and (d) Anion of Column 2#.
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and 5.72 Mol% of P, whereas no Fe was detected. Given that
the pH values of Column 1# efﬂuent were within the range
of 7.0–9.0, Fe reacted with P ﬁrst, Fe-P precipitates was
formed ﬁrstly in the reaction. However, the column experiment lasted for 20 days, which made the Fe-P precipitate
discharge with the efﬂuent, and the ﬁnal precipitate was
mainly Ca-P precipitate. The adsorbent itself has a high calcium content, which leads to the relatively low iron content
in the ﬁnal precipitate and, consequently, not detected in the
precipitate.
Comparing Figure 6(b) and 6(d), it can be seen that the
SO2
concentration in Column 1# was lower than that
4
in Column 2#. This could be because the presence of
various anions in the actual SWW not only interrupted the
intraparticle diffusion, but slowed down the dissolution of
CaSO4. Therefore, the whole P removal process of the
Column 1# remained more or less stable. There were
many kinds of ions in SWW, but the NO
3 concentration
in the secondary SWW efﬂuent was the largest one.
Hence, the difference between the two columns should be
3
due to the exist of high NO
3 , which may inhibit PO4
removal performance. It is worth noting that there were
different Ct/Co variation trends between Columns 1# and
2# with the decrease in the Ca2þ and SO2
4 concentrations.
The Ct/Co of Column 1# increased, while that of Column 2#
had even lower values. Therefore, as the amounts of Ca and
Fe in DSGA2 gradually decreased, it still had a certain
adsorption capacity. This capacity may be due to the surface
adsorption and intraparticle diffusion process. This phenomenon accords with our conjecture about the three pathways
for the adsorption process. All of these results were crucial
for the practical application of DSGA2.
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CONCLUSIONS
Mixing various kinds of industrial wastes is a cost-effective
modiﬁcation method for improving the adsorption capacity
of adsorbents due to the availability of various metal ions.
The maximum adsorption capacity for DSGA2 composed
of 60% FGDG, 20% steel slag, and 20% ﬂy ash was
15.85 mg P/g. The column experiments showed that the
Qp value of 2.50 mg P/g highlighted the potential of
DSGA2 to be used in actual engineering applications.
DSGA2 presented more stable P removal when fed with
actual secondary SWW efﬂuent than the synthetic P-containing wastewater. Therefore, the synthesized DSGA2
showed a broader application prospect due to its low-cost
in wastewater treatment and the reuse of industrial wastes.
It showed the potential for application in practical projects
to replace the traditional chemical precipitation methods
used for adsorbing various pollutants.
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This study demonstrated that DSGA2 can be used as an efﬁcient and low-cost adsorbent to remove P from SWW and
achieve the idea of controlling waste by using waste in
practical engineering applications. The characteristics of
meat processing wastewater were similar to that of SWW.
Due to the lower contamination of meat processing wastewater, DSGA2 was also feasible for industrial application
in the meat sector as future application. Further studies
should be conducted to study this hypothesis. According
to the results and analysis conducted in the current work,
the developed industrial wastes-based adsorbents have a
good economical and environmental beneﬁt, and should
be popularized.
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