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A mixture of converter slag and coal cinder as adsorbent for the removal of phosphorous and other
pollutants was studied in the paper. The maximum P adsorption capacity, pH of solution, contact time and
initial phosphate concentration were evaluated in batch experiments for the two materials firstly. The data
of P sorption were best fitted to Langumir equation, and the maximum adsorption capacities of converter
slag and coal cinder were 2.417 and 0.398 mg P/g, respectively. The pH of solutions with converter slag
and coal cinder changed dramatically with time and closed to 8 in 8 h, and the influence of initial pH
on phosphate removal by coal cinder was more significant than by converter slag. Phosphate removal
rate by converter slag decreased with increase of initial phosphate concentrations. Subsequently, two
ﬂow-through columns (COlumn 14#, Vconverter slag:vcoal cinder = 1:5; Column 2#, Vconverter slagzvcoal cinder = 1:3)
were operated for the removal of phosphorous and other pollutants from the effluents of a vermifilter
for nearly eleven months. Results indicated the average removal efficiency of total phosphorus, dissolved
phosphorus, COD and NH4*-N by Column 1# were 44%, 56%, 31% and 67%, and by Column 2# were 42%,
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54%, 24% and 57%, respectively. Column 1# had higher removal efficiency for P and other pollutants.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Onsite systems using media filters for wastewater treatment
represent a viable alternative to conventional treatment and are of
particular interest for small communities and rural areas in recent
years [1,2]. Anumber of reactive substrates that may be appropriate
filter media have been shown to efficiently reduce phosphorus (P)
concentrations in the effluents [3-9].

Slag materials, e.g. blast furnace slag (BFS), electric arc fur-
nace slag (EAF), and converter steel slag are the by-products from
steel industries. Due to the main compositions of Fe- and Ca-
oxides, they have been undergone the largest investigations for
phosphorus removal [10-14]. Among the slag materials, converter
slag had competitive advantages as the seed crystals for phospho-
rous crystallization, and it was also used as adsorbers for heavy
metal removal in terms of its cost-effectiveness and high perfor-
mance [12-14]. Many researches on using converter slag for the
removal of phosphorous from wastewater have also been reported
in China [15-17]. The mechanisms of phosphate removal by con-
verter slag include the process of adsorption and precipitation, and
the major mechanism is often determined by many factors, such
as the chemical composition of the converter slag used and the
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solution pH. There are a lot of studies focused on using converter
slag as an adsorbent for phosphorus removal, however, in some
column tests [15,17,18], it was found converter slag could easily
aggregate together in water phase or moisture conditions. That
made the hydraulic conductivities of the column decreasing, and
treatment efficiency decreasing finally in concomitance with clog-
ging. Other adsorbents based on iron oxides for P-removal were
also found the clogging phenomena in column tests [19,20]. Sand
had been mixed with such slags to avoid clogging, and the phos-
phorus removal rate can also be maintained at a good level for a
short time [19,21]. However, to select substrates with conducive
physico-chemical properties to P-removal, while maintaining suffi-
cient permeability is of utmost importance for infiltration systems.
Apparently, sand is not an appropriate substrate due to its finer tex-
ture and stable physico-chemical properties [22]. Few attempts are
tried to resolve these problems in column tests and keep steady
phosphorous removal rate in long run and simultaneously remove
organic matter and ammonia from wastewater. A mixture of coal
cinder and convert slag as column media will be an approach.
Coal cinder is an inorganic waste produced in coal combustion.
It is a relatively coarse, gritty material and has a particle size gen-
erally within the range of 0.1-10 mm. Major constituents of coal
cinder include silicone (Si), aluminum (Al), calcium (Ca), iron (Fe),
magnesium (Mg), potassium (K), sodium (Na) and titanium (Ti),
which contents vary greatly depending on the coal type, source,
and burning conditions. Zhang and Lei [23] used some of these con-
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Table 1
Property and composition of the converter slag and coal cinder.

Table 2
Composition of the wastewater.

Property and composition Converter slag Coal cinder Composition Wastewater from WWTP Effluent from vermifiltration
pH 10.31 8.50 COD (mg/L) 258.04 + 7.80% 72.83 £5.31%

Particle size (mm) 4.00-8.00 5.00-10.00 BODs (mg/L) 102 + 4.53% 14 £ 2.11%

Particle density (g/cm?) 3.77 2.01 SS (mg/L) 138.36 + 9.54% 15.78 + 6.14%

Bulk density (g/cm?) 1.58 0.64 DP (mg/L) 2.28 + 7.34% 2.56 + 4.99%

Porosity (%) 34.41 68.25 TP (mg/L) 3.55 + 3.69% 2.96 + 6.82%

FeO (%) 39.31 5.10 TN (mg/L) 28.34 + 7.63% 21.46 + 9.15%

CaO (%) 28.43 4.50 NH4*-N (mg/L) 18.61 £ 2.33% 7.81 £+ 5.88%

00 (59 15.77 4720 COD, BODs and SS relevant chemical oxygen chemical. Five-day biological oxygen
Al, 05 (%) 2.31 36.10 .

MgO (%) 784 040 demand and suspended indicate DP‘and TP represent developed phosphorous; TN
C(%) N 430 and NH4*-N represent total ammonium nitrogen.

stituents (Ca, Fe, or Al iron) to precipitate soluble phosphorus to
reduce eutrophication of surface water. Due to the complex porous
structure and higher hydraulic conductivity, coal cinder is often
mixed with other materials, e.g. red clay, in soil treatment systems
for improving the permeability and enhancing nitrogen removal
[24,25]. 1t can also be used to immobilize cells or as filter media for
advanced wastewater treatment [26] because of the high specific
surface for microbial attachment and growth. However, coal cinder
is prone to break down and clog, and it is often used as an additive
in filter media. The mixture of coal cinder and converter slag as fil-
ter media for wastewater treatment could not only exert the higher
phosphorous removal ability of converter slag, but also improve the
effluent quality by removing ammonium nitrogen and organic mat-
ter. Moreover, converter slag and coal cinder are staple solid wastes
in China and their utilization is also make sense to waste reuse.

The objective of this work was to test the feasibility of the
mixture of converter slag and coal cinder as adsorbent for the
removal of phosphorous and simultaneously advanced wastewa-
ter treatment. The advanced wastewater treatment considered in
the study was specifically referred to remove COD and ammonia
from the domestic wastewater. The maximum P adsorption capac-
ity, solution pH, contact time and initial phosphate concentration
of converter slag and coal cinder were evaluated in batch experi-
ments using orthophosphate solution. Subsequently, two columns
with different volume ratio of converter slag to coal cinder were
conducted with effluents from a vermifilter. Total phosphorus and
dissolved phosphorus, COD and NH4*-N removal were investigated
and an optimum mixture ratio of converter slag and coal cinder in
the columns for wastewater treatment was performed.

2. Materials and methods
2.1. Materials

The converter slag used in the experiments was supplied by
Baosteel Co., Ltd., Shanghai, China. It was screened between 4 and
8 mm. The coal cinder was obtained from the boiler house of Tongji
University, and the particle size was between 5 and 10 mm. The
property and composition of these materials were presented in
Table 1.

2.2. Batch phosphate sorption experiments

The maximum phosphate adsorption capacity was determined
using a slightly modified batch equilibrium technique [27] as
described below. Nine P solutions, ranging from 2 to 200mgP/L
(2, 10, 15, 20, 40, 60, 80, 150 and 200 mgP/L, using KH,PO,4 as P
source) for converter slag; and ten P solutions, ranging from 2 to
80mgP/L (2, 4, 6, 8,10,15,20, 40,60 and 80 mg P/L, using KH,PO4 as
P source) for coal cinder were tested. The pH was maintained at
7.0 in all solutions. 5 g converter slag or 10 g coal cinder was put in

each 250 mL glass Erlenmeyer flask containing 100 mL of different
P solution. These flasks were continuously shaken at 150 rpm on a
sway gyratory shaker (DKY-II, Duke, China) for 48 h at 25°C.

Different solution pH (initial values ranging from 3.03 to 11.02)
and phosphate removal as a function with time were examined in a
series of experiments using the same initial phosphate concentra-
tion of 20 mg/L, and the solutions were adjusted to the desired pH
levels by using 0.1 mol/L HCI or NaOH solution. 5g converter slag
or 10 g coal cinder was put in each 250 mL glass Erlenmeyer flasks
containing 100 mL of different P solution, and shaken at 150 rpm
and 25°C. At different time, the pH and phosphate concentration
of the solution were measured.

The effects of initial phosphate concentrations (20, 40 and
60 mg/L phosphate solution for converter slag and 10, 20 and
30 mg/L phosphate solution for coal cinder) on phosphate removal
were also investigated. The batch experiments were carried out
using 5g converter slag (10g coal cinder) in 100 mL phosphate
solution under above similar conditions, and the pH was also main-
tained at 7.0.

2.3. Removal of phosphate from a vermifilter effluent

Column adsorption tests on phosphate removal were conducted
at room temperature using effluent from a vermifiltration sys-
tem. Vermifiltration (or lumbrifiltration) is a new technology to
process organically polluted water using earthworms. It was first
advocated by the late Prof. Jose Toha at the University of Chile
in 1992 [28,29] and now has been given more and more atten-
tions due to the cost saving and ecologic characteristics [30,31].
The influent of the vermifilter was taken from a grit chamber of
Shanghai Quyang wastewater treatment plant (WWTP). The com-
positions of influent and effluent from the vermifilter were shown
in Table 2.

Two columns were constructed of PVC tubes of 50cm length
and 15cm inner diameter and filled with a 35cm layer of the
appropriate filter material. The bottom of the columns was filled
with a 5cm layer of gravel to prevent loss of material from the
columns. Considering the different phosphorous removal capac-
ities of converter slag and coal cinder and simultaneous COD
and NH4*-N removal, the volume ratio of converter slag to coal
cinder was tested in the experiments. Column 1# was designed
as Veonverter slag: Veoal cinder = 1:5, and Column 2# was designed as
Veonverter slag: Veoal cinder = 1:3. During the tests, the effluent from the
vermifilter was collected in a storage tank and then continuously
pumped to each column by peristaltic pumps at a flow rate of
200 mL/min. The effluent samples were collected daily for DP, TP,
COD and NH4*-N analysis.

2.4. Analytical methods

Chemical compositions of the converter slag and coal cinder
were measured by atomic absorption spectrometry (AA-6501F, SHI-
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MADZU, Japan). The pH values of converter slag and coal cinder
were measured in their solutions with the solid/liquid ratio of 1:1.
Solution pH was measured using a pH meter (pH 340i, WTW, Ger-
many). AUV/visible spectrophotometer (S-2100, Shinco, Korea) was
used to determine the concentrations of phosphorous and ammo-
nia according to the standard methods [32]. COD was measured by a
COD analyzer (NOVA 60, Merck, Germany). The changes of physico-
chemical structure of the converter slag and coal cinder before and
after column tests were determined using scanning electron micro-
graph (SEM). All sorption experiments were conducted in triplicates
and the data were expressed as the average value.

3. Results and discussion
3.1. Chemical characteristics of the materials

The chemical composition of the materials for this study was
presented in Table 1. The converter slag was rich in Fe- and Ca-
oxides, representing 39.31% and 28.43%, respectively (Table 1). The
metal oxides contents of converter slag in the study of Kim et al. [12]
were Fe; 03 25.9% and CaO 40.5%, respectively. It can be attributed
to the different raw material and method of production. But com-
paring with the contents of BFS [5,10], both of the two converter
slag have more Fe-oxides contents. Fe and Ca are known to play
an important role in P retention by soils and sediments [33,34].
Phosphate ions react with iron oxides by ligand exchange forming
inner-sphere complexes. The presence of Ca facilitates P retention
via precipitation, and formation of Ca-P deposition on the solids
surfaces [35]. Depending on the pH and the solution composition of
Ca and P (H,PO4~ or HPO42™), several Ca—-P may form: amorphous
calcium phosphate (ACPs), octacalcium phosphate (OCP), dicalcium
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Table 3

Langumir and Freundlich isotherm parameters.

Parameters Converter slag Coal cinder
Langmuir Ce/qe=1/bQm +Ce/Qm

Qm (mgP/g) 2.417 0.398
b (L/mgP) 0.266 0.113
R? 0.992 0.914
Freundlich qe=KCelln

K 0.402 0.052
n 1.856 1975
R? 0.739 0.891

phosphate (DCP), dicalcium phosphate dihydrate (DCPD), trical-
cium phosphate (TCP) and hydroxyapatite (HAP) [36,37].

Al-, Fe- and Ca-oxides constituted 36.10%, 5.10% and 4.50% of
the coal cinder, respectively (Table 1). The ingredient of Al is also
effective for phosphate removal by ligand exchange [38]. The coal
cinder was also high in Si, however, it was previously reported that
Si has little efficiency for P retention [5]. The chemical contents of
the coal cinder were very similar with fly ashes having low calcium
contents [38].

3.2. Maximum P adsorption capacity

The adsorption isotherm indicates how the adsorbate molecules
distribute between the liquid phase and the solid phase when the
adsorption process reaches an equilibrium state. The estimated
model parameters with the correlation coefficient (R2) for both
Langmuir and Freundlich models are shown in Table 3. Both equa-
tions were suitable for the description of P sorption isotherm by
converter slag and coal cinder, but the Langmuir equation was fitter

12
10
AVl
8 OO O p
. PO N ¥
S 6 o8
o O pH3.03
O O pH5.20
4- A pH7.07
O Vv pH897
2 ———————————— 2 11,02
5 0 5 10 15 20 25 30 35

Time (h)
(b) coal cinder

Fig. 1. Phosphate removal rates and solution pH changes with times by converter slag and coal cinder.
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Fig. 2. Influence of initial phosphate concentration on phosphate removal by converter clog and coal cinder.

than the Freundlich equation according to the correlation coeffi-
cients (R?). According to the coefficients of Langmuir isotherm the
maximum adsorption capacity of converter slag was 2.417 mgP/g,
and that of coal cinder was only 0.398 mgP/g.

The Langmuir and Freundlich parameters of converter slag could
be compared with other sorbents based on metal oxides/hydroxides
from literatures. Zeng et al. [19] reported that the values of Qn,
b, k and n for the P sorption on iron oxide tailing were 8.21 mg/g,
0.444,3.59L/g and 5.263, respectively. Xiong et al. [39] investigated
P sorption capacities of steel slag through magnetic separation and
obtained Qn, b, kand n of 5.3 mg/g, 0.015,0.088 L/g and 1.117, respec-
tively. The sorption capacities of blast furnace slags varied from 0.65
to 44.2 g P[kg even with very similar chemical compositions [40].
Since there are many factors affecting P adsorption capacities of
materials in batch studies such as the material used, the particle
size, the period and temperature of contact between material and
solution, the solution pH, the solution: material ratio, and the range
of the initial P concentrations, and so on, the phosphorus adsorption
capacities of materials derived from batch experiments can vary by
several orders of magnitude.

3.3. Solution pH and P-removal varied with time

Solution pH plays a critical role in the rate and mechanism of the
removal of phosphate. Five solutions with a same initial phosphate
concentration (20 mg/L) and different initial solution pH values, in
range of 3.03-11.02, were detected at different time intervals for
converter slag and coal cinder, respectively. The results were shown
inFig. 1. It was found that even great differences existed in the initial
pH; the solution pH would change dramatically and close to the
neutral level with time, and then keep stable around pH of 8 in 8 h.
The adsorption process, in which converter slag was used, started in
the acid range and was followed by an increase of pH. The increase
of pH was considered to be due to the slag dissolution, when some
of the slag compound as iron, hydroxide and oxidehydroxide will
be released to solution [41]. The decreasing of pH in basic range
for converter slag can be explained that the removal of phosphate
was accompanied by a decrease in the Ca2* ion concentration and
pH value [38]. Because Ca-, Fe- and Al-oxides contents also existed
in coal cinder, it was found the same pH variety directions in the
experiments of coal cinder.

The influence of initial pH on P-removal by converter slag was
significant at beginning, and with solution pH closing to a sta-
ble value, the pH term was eliminated. The influence of initial pH

on phosphate removal by coal cinder was significant, especially in
the terminal, and Fig. 1(b) showed that the initial pH ranging in
3.03-7.07 had a higher P-removal efficiency than the initial pH in
basic range. The phosphate removal of the two materials tended to
decrease with increasing initial pH above neutral. It is known that
high pH and high CaZ* concentration are advantageous for calcium
phosphate precipitation; on the contrary, Fe- and Al-related com-
ponents can play an important role in phosphate immobilization
at acidic conditions [38]. Based on the chemical composition of the
converter slag and coal cinder and the appropriate solution pH, it
was believed that Fe content and Ca content contributed primarily
to P immobilization in converter slag, and Al content contributed
primarily to Pimmobilization in coal cinder. The mechanism of cal-
cium contents in phosphate immobilization may be the formation
of calcium phosphate precipitation by the reaction of dissolved
Ca2* with the phosphate in solution. The possible mechanism of
iron oxide and aluminum oxide for the removal of phosphate can
be explained by adsorption process through the ligand exchange
between phosphate and the hydroxide groups on the surface of the
hydroxylated oxides.

Fig. 1 showed the phosphate removal rate of converter slag was
nearly 100% in 35 h, and the phosphate removal rate of coal cinder
was 40% in 35 h. The different P-removal rate of the two materials
can be attributed to the different P-removal mechanisms. Due to
the higher Fe- and Ca-oxides in the converter slag while higher Al-
oxides in the coal cinder (Table 1), the dominant mechanisms of P-
removal by converter slag may be the adsorption and precipitation
and by coal cinder may be mainly the adsorption.

3.4. Effect of initial phosphate concentration

The effect of varying initial phosphate concentrations on phos-
phate removal by the two materials was shown in Fig. 2. In Fig. 2(a),
it was indicated the phosphate adsorption percentage increased
with increasing contact time and attained equilibrium at vari-
able time according to the initial concentrations of phosphate.
It was more efficient for removing phosphate from dilute solu-
tions than from concentrated solutions. In 24 h, the removal rate
for initial phosphate 20, 40 and 60 mg/L was 94.88%, 81.98% and
70.25%, respectively. The results were similar with P adsorption
by steel slag [39] and nickel adsorption by converter slag [14].
Fig. 2(b) showed the influence of initial phosphate concentra-
tion on P-removal rate by coal cinder was not as obvious as by
converter slag due to the low P adsorption capacity of coal cin-
der.
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Fig.3. TPremoval from a vermifilter effluents through converter clog and coal cinder
columns.

3.5. Removal of phosphate from the vermifilter effluent

Two columns flow-through adsorption tests were conducted for
319 days using the effluent from a vermifilter. The influent pH was
maintained in range of 7.03-7.62 with a corresponding effluent pH
of 7.11-8.19 during the test. The TP and DP concentrations of every
month were shown in Figs. 3 and 4. The figures showed both TP
and DP after the columns were largely reduced comparing to their
influent concentrations. The reduction of TP was caused by infil-
tration removal of particulate P (PP) through the filter layer. The
decrease of DP was mainly attributed to the phosphate adsorption
on the substrates. The constant effluent concentration of the con-
verter slag—coal cinder columns at the beginning of operation were
mainly due to the higher P sorption capacity, when the adsorbent
mixture was fresh and the sorption sites were free for P. Column 1#
had higher TP and DP removal efficiency than Column 2# in first five
months, although higher amount of converter slag were added in
Column 2#. It was because fractional adsorption was dependent on
phosphate contents taken by the influent at the initial time when
the amount of converter slag was sufficient for adsorption. With
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Fig. 4. DP removal from a vermifilter effluents through converter clog and coal
cinder columns.
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Fig. 5. COD removal from a vermifilter effluents through converter clog and coal
cinder columns.

time going on, TP and DP removal rate of Column 2# was gradu-
ally higher than Column 1# due to higher amount of converter slag.
But finally the difference was not evident. For nearly one year, the
average removal rate of TP and DP by Column 1# were 44% and
56%, and by Column 2# were 42% and 54%, respectively. It can be
known from the results that the mixture of converter slag and coal
cinder as filter media was feasible for phosphorous removal from
wastewater. Although higher amount of converter slag in Column
2#, it did not show significant superiority for P-removal. It can be
attributed that the negative influence of organic matter on P sorp-
tion due to physical blockage of adsorption sites, or competition for
sites by organic ions [42]. Simultaneously, microorganisms uptake,
flushing or dilution via precipitation could cause a release of P that
has been adsorbed by the converter slag [43].

The addition of coal cinder can also improve the effluent quality
further [24-26], and the removal efficiencies of COD and NH4*-N
with time were investigated in Fig. 5. As illustrated in Fig. 5, both
of the two columns were effective for COD removal. By an average
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Fig. 6. Ammonia removal from a vermifilter effluents through converter clog and
coal cinder columns.
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Fig. 7. SEM micrograph of the particles of coal cinder before (a) and after (b) phosphorous adsorption and converter slog before (c) and after (d) phosphate adsorption.

influent COD of 75.72 mg/L, the removal rate of Column 1# and Col-
umn 2# were 31% and 24%, respectively, and the effluent COD kept
stable under 50 mg/L all the time. The effluent COD of Column 1#
was lower than Column 2# due to more coal cinder for microor-
ganism attachment and growth. The ammonia removal was very
effective for the two columns (see in Fig. 6). In the beginning, the
effluent ammonia was removed efficiently due to the large spe-
cific areas and strong ion sorption and exchange abilities of coal
cider in the two columns. The physical and chemical sorption played
an important role for ammonia nitrogen removal at the beginning
when the acclimations of microbes were not fulfilled. It is well
known that biological nitrification is the most effective process for
nitrogen removal [44]. Nitrification is generally carried out by aer-
obic, autotrophic bacteria that oxidize NH4* to NO,~ and NO,~ to
NO3;~ with molecular oxygen as an electron acceptor. Great specific
surface area of coal cinder was benefit for organic matter remain-
ing and microbial survival [23-25]. That, in turn, was benefit for
biological nitrification. The biological nitrification was in highest
flight for ammonia removal in the columns with time going on. In
the same way, the significant difference of ammonia removal in
two columns was still at the beginning, more coal cinders were
advantaged for ammonia nitrogen removal. The average ammo-
nia nitrogen removal rate for nearly one year by Column 1# was
67%, and by Column 2# was 57%. Column 1# was more effective for
ammonia removal.

In order to study the particles surfaces before and after adsorp-
tion, scanning electron microscopic (SEM) images for the samples
of raw adsorbents and adsorbents from column 1# were obtained
at the terminative time of test. The micrographs were presented
in Fig. 7.The micrograph of raw adsorbents showed the significant
difference on the surface of converter slag and coal cinder. More
micro-pores existed in the surface of coal cinder and abundant
spherical metal oxides massed on the surface of converter slag,
which can also explain why coal cinder had higher removal rate

for organic matter and ammonia, while converter slag had higher
phosphorus removal ability. The micrograph (b) and (d) indicated
that the pores of the adsorbents have been covered with adsorbate
after a long-term operation, but the potential for longer operation
was still existed due to the incompleteness occupied adsorption
sites on the substrates surface.

4. Conclusions

The maximum adsorption capacity of converter slag and coal
cinder was 2.417 and 0.398 mgP/g, respectively. The pH of solu-
tions with converter slag and coal cinder would change dramatically
and keep stable around pH of 8 in 8 h, and the influence of ini-
tial pH on phosphate removal by coal cinder was more significant
than by converter slag. Based on the chemical composition of the
converter slag and coal cinder and the appropriate solution pH, Fe
content and Ca content contributed primarily to P immobilization
in converter slag, and Al content contributed primarily to P immo-
bilization in coal cinder. Phosphate removal rate by converter slag
decreased with increase of initial phosphate concentrations. Results
of two flow-through columns experiments indicated the feasibil-
ity of the mixture of converter slag and coal cinder as filter media
for phosphorous removal from wastewater. And, the columns were
also effective for the removal of organic matter and ammonia. The
column with volume ratio of converter slag to coal cinder as 1:5
was better in the test due to the higher phosphorus removal effi-
ciency and advanced wastewater treatment for a long time. Due to
the low cost and high adsorptive capacity, the converter slag-coal
cinder filters possess the potential to be utilized for cost-effective
phosphorus removal and advanced wastewater treatment.

The investigations of anion and cation concentrations in the
solution during the P-adsorption experiments should be explored
further, which are important in study of the contributions mech-
anism for phosphorous removal by converter slag and coal cinder,
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respectively. In addition, the long-term performance characteristics
of converter slag and coal cinder columns need to be evaluated fur-
ther before it can be recommended for critical application requiring
guaranteed performance.
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