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ABSTRACT

The removal of dissolvable inorganic phosphate (H,PO4~) by sorbents prepared from hydrated lime (HL)
and blast furnace slag (BFS) was fundamentally studied by an orthogonal experiment design. Based on
statistic analysis, it is revealed that the weight ratio of BFS/HL is the most significant variable, and an
optimized preparation condition is figured out. With the increase of HL content, the adsorption capacity
increases, suggesting that the HL plays the important role in the removal process in the gross. However,
in the lower HL content, it is interesting that the adsorption capacity of as-prepared sorbents exceed the
sum of the capacities of the same ratio of BFS and HL. The further analysis indicate the excess capacities
linearly depend on the specific surface area of sorbents, suggesting that the removal of H,PO4~ is closely
related with the microstructure of sorbents in the lower HL content, according to the characterization
with SEM, XRD and pore analysis. Additionally, an adsorption model and kinetic are discussed in this

paper.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus (P) exists in many consumer products and indus-
trial processes involving particles of a colloidal nature. Examples of
such applications are as diverse as fertilizers, detergents, pigment
formulation, water treatment and mineral processing. P discharged
into the surface waters stimulates the growth of aquatic micro-
and macro-organisms in nuisance quantities, which in excess can
cause eutrophication in stagnant water bodies [1-5]. Therefore,
removal of P from the wastewater is necessary for the con-
trol of eutrophication in lakes and similar stagnant water bodies
[6,7].

Many methods have been developed to remove excessive P from
water [8-22]. Biological method is a low-cost one, but the fluc-
tuation in chemical composition and temperature of wastewater
makes the process running unfeasible [12,22]. The techniques such
as adsorption, chemical precipitation are more economical thanion
exchange and electrodialysis [13,22], and have been employed in
industry. Nevertheless, to find the cheap and effective sorbent is
still highly desired, although various sorbents including activated
aluminium oxide [8], fly ash [10-13], zeolite [17,18], different soils
[9,12,15,18] and activated carbon [21,22] have been investigated.
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Blast furnace slag (BFS) is a waste discharged from steel fac-
tory in large scale, and the environment impact caused by BFS is
becoming evident more and more, thus how to utilize or reuse BFS
is a significant issue. Recently, some attempts have been carried to
apply BFS into a sorbent to remove the dissolvable P from aque-
ous solution [1,4,5,11,14,16,19,22], and the removal mechanisms of
P by BFS were discussed. It was expected the calcium-based sub-
stances contained in BFS is the active components for dissolvable P,
and it also was pointed that the removal of P is related with other
elements including Al, Mg, Fe, Mn and Ti exposed on the surface
of BFS, besides Ca [1]. Oguz [22] suggested that the removal of
phosphate by BFS predominantly took place by precipitation mech-
anism, ion exchange and weak physical interactions between the
surface of sorbent and the metallic salts of phosphate. However,
the application of slag in the adsorption of P from aqueous solu-
tions faces a number of problems, too [4]. BFS is a complex system of
Ca0-MgO-Al,03-Si0, which also incorporates a number of minor
components that can concentrate on the slag surface during crys-
tallization or during transition to the glassy state, and can affect the
adsorption of phosphates. Furthermore, because of its low specific
surface area and poor pore structure, the internal chemical compo-
nents cannot be used efficiently. Therefore, how to activate the BFS
surface is one of the effective ways to utilize this waste.

In this article, hydrated lime (HL) was used as an activator to
modify the surface of BFS to improve the P adsorption capacity. A
series of BFS-HL sorbents for phosphate removal were prepared
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Table 1
Chemical composition and physical properties of Ca(OH), and BFS.
Chemical composition (wt%) BFS Ca(OH),
SiO, 33.26
Al 03 15.63
FeO 0.83 <0.01
MgO 941 <0.5
Cao 38.69
SO; 0.35
Ca(OH), >95
CaCOs3 <2
Insoluble <0.05
Ignition loss 0.52
Physical properties
Particle mean diameter (jp.m) 43 7.9
BET specific surface area (m? g') 17.95 8.70
True density (gcm—3) 2.30 2.13

based on an orthogonal experiment design. The ratio of BFS to HL
was found to be the most significant factor to the absorption capac-
ity of P, and the relationship between the absorption capacity and
microstructure of sorbents was discussed in combination of the
characterizations. The equilibrium model and absorption kinetic
were also studied.

2. Materials and methods
2.1. Sorbents preparation and designs of experiment

Sorbents were prepared using commercial Ca(OH), (supplied
by Beijing Chemical Reagents Company) and BFS (supplied by Jinan
Iron and Steel Company Limited of China). Their chemical compo-
sition and physical properties are shown in Table 1.

A full factorial design was used to synthesize sorbents by varying
four experimental variables: the hydration time (ts), weight ratio
of blast furnace slag to hydrated lime (BFS/HL), the slurrying tem-
perature (T) and the ratio of water to solid (W/S). Total mass of
Ca(OH), plus BFS was kept at a constant value of 15¢g for all the
samples. Table 2 displays the matrix of the Lig (4*) factorial design.
The procedure used to prepare the sorbents comprised the follow-
ing steps. BFS-HL slurry was added at the required ratio in a 250 ml
polypropylene conical beaker that was heated by an electric ther-
mostatic oil bath pan equipped with a magnetic stirrer at a constant
rate of 700 rpm. The mouth of the beaker was plugged to prevent
water loss and the interference of CO,. After slurrying the sample
was placed into a vacuum oven at 35 °C for about 24 h to evapo-

rate most of the free water and then further heated to 120°C to
dry, which was in about 2-4 days. The dried sorbents were then
pelletized, crushed and sieved to produce the required particle size
range (60-100 pm).

2.2. Adsorption experiment

2.2.1. Batch experiment

Phosphorus removal tests of BFS-HL sorbents, Ca(OH), and BFS
were conducted through batch experiments. 0.2 g of sorbent was
added into a 250 ml conical flask containing 100 ml KH,PO4 (as
P) solution with concentration of 200mgL~!, and then shaken by
a horizontal bench shaker for 6h (the time required for equilib-
rium to be reached between phosphorus adsorbed and phosphorus
in solution for all BFS-HL sorbents) using a bath at temperature
at 30+ 1°C. The pH of solution was measured with pH meter (Lei
Ci made in Shanghai) after the adsorption without buffer or con-
trolled. At the end of the adsorption period, the samples were
filtrated by filter paper and the clear filtrates were taken and ana-
lyzed for phosphate. The amount of phosphate adsorbed per unit
of sorbents was calculated by

(ci—ce)V

q="—F (1)
where g (mgg~1) is the amount of the phosphate adsorbed per unit
mass of sorbent (adsorption capacity), ¢; (mgL~!) and c. (mgL~1)
are the initial and final concentrations of the phosphate in solu-
tion, respectively, V (L) is the solution volume, and m (g) is the
mass of sorbent used. The phosphate concentration in solution was
measured by a spectrophotometer (721 made in Shanghai).

2.2.2. Kinetics and equilibrium study

Adsorption kinetics experiment was carried out using 100 ml of
KH,PO4 solution with the desired concentration and 0.2 g sorbent
ina250 ml conical flasks shaking by water shaker. At predetermined
time intervals, samples were separated by filter paper and analyzed
by spectrophotometer. Adsorption isotherms experiment was very
similar with adsorption kinetics, the difference was that adsorption
isotherms were carried out with different initial KH,PO4 concen-
trations and the pH values of solutions were adjusted to 7 by HCl
or NaOH solution prior to adsorption.

2.3. Characterization of sorbents

Scanning electron microscopy (SEM) photographs of the sor-
bents were taken in a JEOL, [SM-6700F system, in order to learn

Table 2
Experimental design and results of BFS-HL sorbents and raw materials.
Solid code Preparation variables Results

ts (h) W/S(gg™) BFS/HL (gg~") T(°C) q(mgg") Incrs (mgg™") Sger (m? g=1) pH value
S1 0.75 10/1 91 50 84.70 39.62 37.80 7.08
S2 0.75 15/1 7/3 60 114.15 29.15 27.00 7.52
S3 0.75 20/1 3/7 70 165.08 0.72 24.36 8.92
S4 0.75 25/1 1/9 80 203.97 -0.15 14.53 11.29
S5 4 10/1 7/3 70 118.23 33.15 29.08 7.48
S6 4 15/1 91 80 87.18 42.10 45.84 7.19
S7 4 20/1 1/9 50 202.97 -1.15 26.45 11.21
S8 4 25/1 3/7 60 166.06 1.64 42.51 10.37
S9 10 10/1 3/7 80 163.84 -0.52 29.09 9.11
S10 10 15/1 1/9 70 203.54 -1.12 17.49 11.5
S11 10 20/1 9/1 60 103.26 57.91 62.39 7.26
S12 10 25/1 7/3 50 120.15 35.15 40.03 7.21
S13 17 10/1 1/9 60 204.80 0.68 19.20 11.24
S14 17 15/1 3/7 50 165.08 0.72 32.47 8.46
S15 17 20/1 7/3 80 120.29 35.15 36.92 7.57
S16 17 25/1 91 70 99.58 54.49 60.12 7.17
Ca(OH), - - - - 224.18 - 8.70 11.67
BFS - - - - 25.21 - 17.95 6.81
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Table 3

Results of the ANOVA test for P adsorption capacity of BES-HL sorbents.

Factors Sum of squares d.f2 Mean square F-ratio P>

ts 98.81 3 3294 3.02 0.19
w/s 96.50 3 32.17 2.95 0.20
BFS/HL 28739.98 3 9579.99 878.09 6E—-05
T 45.29 3 15.10 1.38 0.40
Total error 32.73 3 10.91

2 Degrees of freedom.
b Probability for F-ratio test.

the change of microstructure caused by hydration reaction. X-ray
diffraction (XRD) patterns were recorded by a Panalytical X’Pert PRO
system with the powdered samples less than 100 wm, with Cu Ko
radiation in the diffraction angle (260) range of 5-70° at a sweep rate
of 3°min—'. Nitrogen adsorption isotherms were obtained at 77K
with the aid of a conventional volumetric apparatus (Autosorb-1-
MP). The equivalent surface area was obtained from the linear BET
plots (Sger), and the pore size distribution of samples was calculated
by BJH method.

3. Results and discussion
3.1. Effect of preparation variables on the P adsorption

The results of P adsorption capacity for the BES-HL sorbents pre-
pared under various conditions and raw materials of Ca(OH), and
BFS are listed in Table 2. It is clear that all BFS-HL sorbents show
lower P adsorption capacity than Ca(OH),, but much higher than
BFS.

A statistical method is used based on analysis of the variance
(ANOVA) which determines the statistical signification of factors by
comparing their mean squares with an estimation of experimental
error.

In Table 3, the weight ratio of BFS/HL has P-value less than
0.001, indicating that it is significantly different from zero at the
99.9% confidence level, and is the most important variable for
P adsorption. The hydration time (45min to 17 h), the ratio of
water/solid (10/1 to 25/1) and the slurrying temperature (50-80 °C)
have P-values more than 0.1, indicating that their influences on P
adsorption are weak. So it is concluded that the reaction of BFS
with HL almost complete within 45 min, and when the slurrying
time is longer than 45 min, the increase of P adsorption capacity
of BFS-HL sorbent is less profound. The ratio of water/solid can be
controlled to 10/1, and within the range of 50-80 °C, it is not neces-
sary to control the temperature accurately especially in the industry
application.

Fig. 1 shows the relationship of P adsorption capacity with the
weightratio of BFS in the preparation procedure of sorbent. It can be
found that with the decrease of the weight ratio of BFS, P adsorption
capacity of sorbent increases rapidly. This is well understood since
the P adsorption capacity of Ca(OH), is high.

3.2. Effect of modification method on the P adsorption of sorbent

To understand the effect of modification on the P adsorption, the
difference between the P adsorption capacity of sorbent and those
of the same ratio of raw materials is calculated according to the
following equation:

Incrs = qs — Wapsqars — (1 — Wars)qHL (2)

where Incrs is the increment of P adsorption capacity for sorbent,
qs is the P adsorption capacity for sorbent, Wpgs is the weight
ratio of BFS in the preparation procedure of sorbent, gggs is the
P adsorption capacity of BFS, and gy is the P adsorption capacity

210 160

- 0 A -
‘o A ‘o
[o)]
2 180 {as €
> —o R
G 2 S
§ 150 A oee
8 £ 0

(0]
& 1201 g 115 5 6
= C =
8 £8
8 8 3
5 90 4 g 10 S
© ©

o
T T T T T T T T T
0.0 02 0.4 0.6 0.8 10

Weight ratio of BFS, g g~

Fig. 1. P adsorption capacity and the increment as a function of the weight raito of
BFS for BFS-HL sorbents.

Table 4

Results of the ANOVA test for Incrs of sorbents.

Factors Sum of squares d.f2 Mean square F-ratio P°

ts 92.52 3 30.84 248 0.24
W/S 100.78 3 33.59 2.70 0.22
BFS/HL 7114.40 3 2371.47 190.94 6E—4
T 42.52 3 14.17 1.14 0.46
Total error 37.26 3 12.42

2 Degrees of freedom.
b Probability for F-ratio test.

of Ca(OH),. Table 2 shows the results of Incrs for all BFS-HL sor-
bents. The ANOVA analysis indicates the weight ratio of BFS/HL is
the most significant factor for Incrs, and the effects of other prepa-
ration variables are negligible (Table 4), which is consistent with
the P absorption capacity.

The relationship of Incrs with the weight ratio of BFS is shown
in Fig. 1. It can be found that with the increase of the weight ratio
of BFS, Incrs increases rapidly, and when the weight ratio of BFS is
0.9, Incrs is the biggest.

3.3. Characterization of sorbents

Fig. 2 shows the pore size distribution of S16 and BFS mea-
sured by N, adsorption/desorption isotherm. It is found that S16
has the richer porosity than BFS, revealing the function of HL.
Compared to BFS, the pore of BFS-HL sorbent shifts toward larger
size, which is helpful for removal of P from aqueous solutions
[3].
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Fig. 2. Pore size distribution of S16 and BFS.
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Fig. 3. SEM photographs of (a) BFS and (b) S16.

Table 2 summarizes the specific surface areas of sorbents. It was
found that nearly all of the BFS-HL sorbents have larger surface
areas than their raw materials of HL and BFS, probably due to poz-
zolanicreactions [23].In general, pozzolanic reactions start with the
chemical adsorption of calcium hydroxide on the surface of silanol
groups [24]. Since the pH of the solution is high, SiO, is dissolved,
reacting with Ca(OH), to form calcium silicate (CSHs) which has
large surface area and porous structure as follows:

SiO5(s) +xCa§§ +2x0H4 + (¥ — x)H20 — xCa0 - Si0; - yH,0 - (3)

where x is 0.8-1.5, and y is 0.5-2.5 [25].

The SEM images of BFS and S16 are shown in Fig. 3. Fig. 3(a) is the
typical morphology of a BFS particle discharged from a steel factory.
Coarse surface and irregular shape of the particle is readily appar-
ent. Fig. 3(b) shows the typical view of sorbent S16 which is very
different from that of BFS. The surface of BFS particle is destroyed,
more surface emerges and some “foil-like” material covers on the
surface of the slag particle, which can also be found in other BFS-HL
sorbents.

The XRD patterns of BFS and S16 are shown in Fig. 4. Obvi-
ously, theirregular diffraction pattern of BFS means it is amorphous.
The XRD pattern of S16 shows the existence of Ca(OH), and CSHs
which can be seen in other sorbents. Compared with Ca(OH);, the
peaks of calcium silicate (CSHs) are weaker and belong to illcrystal-
lized tobermorites (260=29.0-29.8°, 32°, and 49.8°). Illcrystallized
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Fig. 4. X-ray patterns of the powdered sample: (a) BFS and (b) S16.

tobermorited include C-S-H(I), C-S-H(II), and tobermorite gel [25].
Under our experimental conditions, C-S-H(I) is the major prod-
uct, which is similar with the CSHs phase formed in the HL-silica
sorbents prepared by other researchers [26,27].

Fig. 5 illustrates the relationship betweent Incrs and the spe-
cific surface area of sorbents. When the weight ratio of BFS/HL is
between 7/3 and 9/1, Incrs is seen to increase linearly from 29.15
to 5791 mgg-! as the specific surface area increases from 27.00
to 62.39m? g~1. This is a strong hint that the excess P adsorption
capacity is attributed to the generation of pore structures over the
BFS particles.

In the higher weight ratio of BFS/HL, the pH value of the
absorption system is between 7 and 8. In this range of pH value,
phosphate removal probably occurs with ion exchange mechanisms
of phosphate hydrolysis products (H,PO4~ and HPO42~) and the
precipitation of the metallic salts of phosphate (AI**, Ca2* and Fe3*)
[22]. In this case, sorbent which has improved specific surface area
can provide more ions to remove P and its P adsorption capacity is
improved accordingly.

When the weight ratio of BFS/HL is between 1/9 and 3/7, the
increment of P adsorption capacity is closed to zero and the influ-
ence of pozzolanic reactions seem disappear certainly. In this range
of the weight ratio of BFS/HL, pH value in the solution was larger
than 8.5. In this range of pH value, it is thought that phosphate
removal took place by precipitation mechanism and the weak phys-
ical interactions between the surface of adsorbent and the metallic
salts of phosphate [22]. Moreover, from Fig. 1, it can be seen that
there are larger amount of reaction products in lower weight ratio
of BFS/HL than that in higher weight ratio of BFS/HL. In this case,
the precipitations of AIPO4, FePO4 and Ca3(PO4), occurred on the
sorbent surface [5,22], and the pore in the sorbent was probably
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Fig. 5. Relationship between specific surface area and mesopore volume for BFS-HL
sorbents.
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Fig. 6. Adsorption isotherms of P by BFS and S16.

blocked by the large amount of reaction products during the reac-
tion process. As a result the contribution of the fresh surface or
porosity structure disappeared.

3.4. Equilibrium studies

Adsorption isotherms are important for the description of how
molecules of adsorbate interact with sorbent surface. Hence, the
correlation of equilibrium data using either a theoretical or empir-
ical equation is essential for the adsorption interpretation and
prediction of the extent of adsorption. Two well-known isotherm
equations, Langmuir model and Freundlich model, were tried for
deeper interpretation of the adsorption data obtained. Fig. 6 shows
the adsorption isotherms of BES and S16. It is found that the satu-
rated adsorption capacity of S16 is higher than that of BFS.

The Langmuir model with linear form is represented by Eq. (4)
[6]:

Ce 1 Ce

= + = 4
qe qmKa = qm )

where ge (mgg~1) is the amount of solute adsorbed per gram of
sorbentand c, (mgL~1)is the equilibrium concentration of solute in
the bulk of the solution. The constants K, (Lmg~1) and g, (mgg~1)
relate to the ion-exchange capacity and energy of ion-exchange,
respectively.

The Freundlich equation is given as linear form by Eq. (5) [6]:

1

nlogce + log Ky )

logge =
where Ky (mgg=1) and n (gL!) are constants which relate to
adsorption capacity and adsorption intensity of sorbent.

The values of the parameters of the two models and the
related correlation coefficients (R? values) are listed in Table 5. The
results show that the Langmuir equation better fits the adsorption
equilibrium data over the concentration range used in this investi-
gation than the Freundlich equation does. The linearized Langmuir
isotherm of P adsorption by BFS and S16 are shown in Fig. 7. The
reason that the Langmuir isotherm more fits the experimental data
probably due to the homogeneous distribution of active sites on
the surface of sorbent, in accordance with the Langmuir equation

Table 5
Langmuir and Freundlich isotherms parameters at 303 K.
Sorbent Langmuir Freundlich
gm (mgg™') Ki(Lmg™') R Kr(mgg™) 1/n(Lg™') R
S16 135.14 0.0031 0.9993 25.86 0.23 0.9055
BFS 86.96 0.0037 0.9886 5.893 0.40 0.9505
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Fig. 7. The linearized Langmuir isotherm of P adsorption by BFS and S16.

assumes that the surface is homogeneous and that the active sites
have equal affinities for the molecules of the adsorbate.

3.5. Kinetic studies

In order to obtain kinetic data for phosphate adsorption on
BFS-HL sorbent, the variation in phosphate concentration with
time was measured. The experimental results are presented in
Fig. 8. It is found that the adsorption of P has an increasing trend
along with time. Compared to BFS, adsorption of P for S16 is quicker
and greater in the first hour, which is helpful for technical applica-
tion. Furthermore, S16 is quicker than BES to reach equilibrium.

Although many mathematical models such as homogeneous dif-
fusion model and pore diffusion model have been proposed to
interpret the transport of solutes inside adsorbents, the mathemat-
ical complexity of the models makes them inconvenient in practice
[28]. The pseudo-first-order (Eq. (6)) and pseudo-second-order (Eq.
(7)) kinetic models were selected to test the ion-exchange dynam-
ics in this work because of their good applicability in many cases
[6]:

log (ge — qt) = logge — k1t (6)

t 1 1
qr  kaqe? * (%) ! )
where q; (mg g~1)is the amount of P adsorption capacity at the time
t(min), and k; (min~1)and k, (g mg~! min~1) are the rate constants
of the pseudo-first- and pseudo-second-order kinetic equations.
The slopes and intercepts of these curves are used to determine the
constants kq and k; and the equilibrium capacity ge. The calculated
(cal)value of g (Table 6) from the pseudo-first-order kinetics model
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Fig. 8. Effect of contact time on P adsorption by BFS and S16.
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Table 6
Kinetic constants for P adsorption by BFS and S16.

Sorbent ge(exp) (mgg1) Pseudo-first-order kinetics

Pseudo-second-order kinetics

qe(cal) (mgg") ki (min-1)

R? qe(cal) (mgg!) ko (gmg~! min-1) R?

S16 128.16 18.59
BFS 39.20 33.87

0.0024
0.0051

0.9994
0.9983

0.6302 128.21
0.9564 38.17

0.0016
0.0004

= 516 )/
15 A BFS /

-

o
1

%
N

t/q, ming mg”
[4,]
»

0 200 400 600
t, min

Fig. 9. The linearized pseudo-second-order kinetics plots for P adsorption by BFS
and S16.

is dramatically lower than the experimental (exp) value. However,
the pseudo-second-order kinetics model (Fig. 9, Table 6) provides a
near-perfect match between the theoretical and experimental g,
values, and the pseudo-second-order equation has a better cor-
relation with the experimental data than the pseudo-first-order
equation. As a result, the process appears to follow pseudo-second-
order reaction kinetics, which suggests that the use of this model
approach can be a reliable tool when predicting phosphate adsorp-
tion in systems with contact times.

4. Conclusions

BFS-HL sorbent was successfully prepared and applied into P
adsorption from H, PO, ~ solution. The results showed that the mod-
ification of BFS surface by HL can generate more pore structure, the
inner chemical material in BFS could be used and the P adsorption
capacity of BFS was improved by this mechanism. In the preparation
process, the weight ratio of BFS/HL is the most important prepara-
tion variable for P adsorption capacity and excess improvement.
Furthermore, it was found that the adsorption model of phosphate
onto sorbents was consistent with Langmuir model, and the adsorp-
tion process could be described by the pseudo-second-order model.
This article gave a promising result for applying the BFS-HL sorbent
in Padsorption from aqueous solution, and the further investigation
with real wastewater will be conducted in our lab for utilization of
the waste resource of BFS.
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