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This paper describes the adsorption of two organic (acetic and citric) acids on the
blast furnace sludge, a representative by-product of the steelmaking industry.

By PIXE, XRD, BET and SEM methods, it was shown that blast furnace sludge is
a complex heterogeneous material with a specific surface area of s = 31.46 m?> g”!, com-
posed mainly of amorphous phase (w = 76.2 %), calcite (w = 9.9 %), magnetite
(w=6.3 %) and kaolinite (w = 2.2 %). Chemically, blast furnace sludge is dominated by
O (w=4223 %) and C (w = 31.74 %).

The adsorption process is analyzed using the theories of Freundlich and Langmuir.
The experimental data were better fitted to the Langmuir isotherm. The negative Gibbs
energy values indicate the spontaneous nature of adsorption. After adsorption the surface
image changes in the BFS were observed, and BET surface area increased when acetic
acid was adsorbed. Contrarily, blast furnace sludge became almost non-porous in the

case of citric acid adsorption and BET surface area decreased significantly.

Key words:

Blast furnace sludge, organic acids, adsorption

Introduction

It is known that application of adsorbents is
strongly influenced by their surface properties. The
performance of materials as adsorbents is deter-
mined by their both texture and surface chemistry.
The texture may be adapted by adequate choice of
the activation procedure. The nature and concentra-
tions of surface functional groups may be modified
by suitable thermal or chemical treatments. Surface
modification can be performed by adsorbing for-
eign organic compounds on the surface of adsor-
bents.!?

In natural water systems, organic acids on solid
surfaces can bind heavy metal ions by forming
complexes. This process inhibits the retention of
heavy metals by sediments and favors their trans-
portation in aquatic environments. Citric acid and
acetic acid are often cited as organic ligands in-
volved in the adsorption process in soil chemistry.
Their presence in soil systems might be expected to
have a significant effect on the adsorption of metal
ions to mineral particles. Kubicki ef al’® investi-
gated the bonding of salicylic acid adsorbed onto
the clay mineral illite. Adsorption of citric acid onto
both kaolinite and goethite by means of batch ex-
periments was investigated by Redden and
co-workers.* Du et al® conducted various experi-
ments to study the adsorption of fulvic acid on illite
surfaces and interaction between illite-fulvic acid

*Corresponding author: E-mail: radenova@simet.hr

system with copper (II) ions. Lackovi¢ ef al. inves-
tigated the adsorption of Cd(II) and citric acid sepa-
rately onto goethite, kaolinite and illite.® The same
authors suggest modeling the adsorption of Cd(II)
onto kaolinite and illite in the presence of citric
acid.” Furnier and co-workers showed that acetic
acid enhanced lead adsorption onto kaolinite.?

In recent years, research efforts have been di-
rected towards the use of industrial waste or
by-products as adsorbent material in the attempt to
minimize processing costs. The steelmaking indus-
try by-products were investigated as -effective
adsorbents and used for the removal of metal ions
and dyes.” '3

Blast furnace sludge (BFS) is a by-product of
the steelmaking industry. The gases generated dur-
ing the manufacture of pig iron carry a dust load
which is cleaned before their release in the atmo-
sphere. The coarse particles in the exhaust gases are
removed by passing the gases through a large lined
chamber. The velocity of gases is reduced to allow
the settling of dust load and the waste material is
collected as blast-furnace dust. The finer particles,
which remain in the gas, are removed in wet scrub-
bers; the waste material collected here is BEFS.
From the wastes in steel plants, the slag is produced
in the largest amount while dust and sludge occurs
in lesser amounts.

Due to the lack of literature data on BFS inter-
action with organic acids, the aim of this work was
to study adsorption of acetic and citric acid onto the
waste blast furnace sludge collected from an aban-
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doned sludge landfill. Both acetic and citric acid are
biodegradable and widely used in the food and
pharmaceutical industries. The key idea was to see
the influence of organic adsorbates on the texture
and surface characteristics of blast furnace sludge
after adsorption process. This work should be con-
sidered the first, but important step toward further
application of BFS modified by acetic/citric acid
adsorption.

Experimental

Materials

The original BFS, provided by a Croatian Iron
& Steelmaking Company, was dried at = 105 °C
for 4 h to yield a powder of a particle diameter less
than d, = 56 pm.

Two organic acids (mono and tricarboxylic
acid) were used: acetic acid (H;C—COOH) which is
characterized by one pK (4.75), and citric acid
(HOOC-CH,~COH-COOH-CH,~COOH) charac-
terized by three pK (pK, = 3.128, pK, = 4.761, pK,
= 6.396).14

Methods for characterization of the BFS

The chemical composition of the ground sam-
ple was determined by Proton Induced X-ray Emis-
sion (PIXE) and Rutherford Backscattering Spec-
trometry (RBS) techniques. PIXE quantification
was done using GUPIX, and RBS determinations
used SIMNRA software. !

Conventional X-ray diffraction (XRD) analysis
yield qualitative mineralogical composition. Accu-
rate quantitative composition of BFS is achieved by
Rietveld refinement of XRD analyses.!¢ Qualitative
overview analysis indicated large amounts of XRD
amorphous material in BFS. The quantification of
XRD amorphous phases was done following the
procedure in which internal quantification standard
was mixed with the sample. Subsequently, the crys-
talline phases were quantified by Rietveld refine-
ment. This yields absolute portions of all crystalline
phases calculated. Based on the known addition of
the internal standard, absolute XRD crystalline
phase contents can be calculated. The amount of
XRD amorphous phases is given by the difference
between 100 %, and the sum of all crystalline
phases quantified above.

In this study, ZnO was used as the internal
standard. ZnO was mixed with the samples to give
a proportion of w = 10 %. The mixture was homog-
enized by hand in an agate mortar for about 30 min.
Mineralogical composition of these mixtures was
determined by XRD analysis using a Philips PW
1710 difractometer with Cu K, radiation.

Batch adsorption

The adsorption of organic acids on the BFS
was carried out via a batch technique. Accordingly,
100 mL solutions of known concentration of acids
(in range: ¢; = 0.05-0.35 mol L) was added to re-
agent bottles with 1 g of dry BFS. The suspension
was shaken for a period of 30 min. Although the
experiments were performed within the time inter-
vals from 0—48 hours, equilibrium was established
after 1 hour. The initial pH value of solutions varied
in the range 2.01-3.53 depending on the starting
concentration of acids. After adsorption process was
completed, the measured pH values were 2.9-4.1.
Acid concentrations before and after equilibrium
were determined by titrating with a 0.1 mol L!
NaOH solution and phenolphthalein as indicator.

The samples were then washed with deionized
water until no turbidity could be observed when a
0.1 mol L' lead nitrate solution was added to the
washed liquid.

Experiments were performed at a fixed temper-
ature of 8 = 20 °C and sludge mass concentration of
y=10g L™

All chemicals used in this study were analyti-
cal grade (Merck), including high purity ion-free
water.

The experiments were carried out in triplicate
and the average results presented.

Surface properties

The surface image of BFS samples was visual-
ized by scanning electron microscopy (SEM) using
a JEOL JXA, 50A microscope.

The following physical characteristics of BFS
were also determined: surface area and average
pore diameter. The surface area was calculated by
the Brunauer-Emmett-Teller (BET) method. Before
adsorption isotherms were obtained, the BFS sam-
ples were heated (at 6 = 50 °C) and evacuated un-
der p = 666.5 - 1073 Pa pressure in order to remove
any contaminants as well as moisture that might be
present on the surface. Measurements were per-
formed by Micromeritics ASAP 2000 instrument.

Results and discussion

Characterization of the blast furnace sludge

Chemical composition of the BFS is shown in
Table 1. It can be seen that the BFS is dominated by
O (w=42.33 %) and C (w = 31.74 %). The other
elements come from the blast furnace operation, i.e.
from iron ores, metallurgical coke and fluxing
agents. The air carries coke and fluxing agent’s par-
ticles over iron ores into the top gas, so that the
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Table 1 — Chemical composition of blast furnace sludge

Mass fraction Mass fraction

Element Element
w/% w/%
o 42.23 Pb 0.99
C 31.74 K 0.66
Si 6.00 Mn 0.66
Zn 4.52 S 0.62
Na 3.00 P 0.14
Al 3.00 Cl 0.05
Fe 2.90 Ti 0.05
Ca 2.30 Cu 0.01
Mg 1.00

chemical composition of BFS depends on the pro-
cess of pig-iron production.

The accurate mineralogical composition data
(Table 2) are also important in order to clarify the
environmental significance of the BFS. The ob-
tained results indicated a large amount of XRD
amorphous phase (w = 76.2 %). These phases are
essentially composed of turbostratically disordered
coke. Moreover, less crystalline oxides or hydrox-
ides of metals such as Zn, Al, Pb, Fe, as well as
drops of melted silica could be present in amor-
phous compounds.'’

Table 2 — Mineralogical composition of blast furnace

sludge
Mass fraction
Compound Formula

wl%
X-ray amorphous 76.2
Calcite CaCO, 9.9
Magnetite Fe;04 6.3
Kaolinite Al,Si,05(OH), 2.2
Smithsonite ZnCO, 2.1
Dolomite Ca,Mg(CO;), 1.6
a-Quartz a-Si0, 1.1
a-Hematite a-Fe,0; 0.4
a-Elemental iron a-Fe 0.2

The mineralogical composition can be partially
related to the material used in the blast furnace pro-
cess. While fluxing agents are the source of both
calcite and dolomite, quartz and kaolinite originate
mainly from ash-containing coke; iron ores are the
source of magnetite and hematite.

Batch adsorption

The variation of the acids fractions adsorbed
during the equilibration is shown in Fig. 1. The
mole fraction of citric acid (CA) and acetic acid
(HAc) adsorbed at any time, x(f) was calculated us-
ing the following relation:'®

c;— ¢,
r(n="—+ ()

i

where: () is the mole fraction of acids adsorbed at
time ¢ on BFS; ¢; is the initial concentration of acid
in solution, mol L' and ¢, is the concentration of
acid in solution at time ¢, mol L.

As shown in Fig. 1, the adsorption of acids on
BFS increases with increasing contact time, espe-
cially after 30 minutes for ¢; = 0.05 mol L!. For ¢,
= 0.25 mol L! this effect is less noticeable. It can
be observed that the adsorption kinetics is similar
for both BFS-HAc and BFS-CA system. Obviously,
the adsorption takes place in two distinct steps, a
relatively slow one followed by a faster one. The
slow adsorption is explained by the diffusion into
the pores of BFS. Based on the theory, kinetics of
adsorption on a heterogeneous solid surface is de-
termined by the following stages: (1) diffusion of
molecules from the bulk phase towards the inter-
face space (so-called external diffusion); (2) diffu-
sion of molecules inside the pores (internal diffu-
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Fig. 1 — Mole fraction, y(t) of: a) acetic acid and b) citric
acid adsorbed on BFS against time for two different initial con-
centrations of acids (concentration of BFSy = 10 g L™'; tem-
perature 6 = 20 °C)
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sion); (3) diffusion of molecules in the surface phase
(surface diffusion) and (4) adsorption/desorption
elementary process.!"”

The adsorption isotherm indicates how the ad-
sorbate molecules distribute between the liquid
phase and the solid phase when the adsorption pro-
cess reaches an equilibrium state. The analysis of
the equilibrium data by fitting them to isotherm
models is an important step to find the suitable
model that describes the adsorption process. Hence,
the amount of both HAc and CA adsorbed per mass
unit of BFS (adsorption capacity, ¢,, mol g'') was
calculated according to the formula:

V
go=(ci=c) @

where ¢; and c, are initial and equilibrium concen-
trations of acids (mol L"), ¥ is the solution volume
(L) and m is the mass of adsorbent (BFS, g). The
results are shown in Fig. 2.

BFS-HAc

10-/mol g™!
N
4]

q,

0 0.1 0.2 0.3 0.4 0.5
¢/mol L™

Fig. 2 — Amount of HAc and CA adsorbed per unit mass of
BFS depending on equilibrium concentration of
acids

It can be concluded that there was no signifi-
cant difference between the adsorption capacity for
HAc and CA. Maximum adsorption capacity ob-
tained for HAc is g, (HAc) = 0.004 mol g! while
for CA is ¢, (CA) = 0.0037 mol g

For the interpretation of adsorption equilibrium
data, the most widely used Langmuir and
Freundlich isotherms were applied. The Langmuir
model assumes that adsorption takes place on the
homogeneous surface of the adsorbent and at satu-
ration a monolayer is formed, while the Freundlich
expression is an empirical equation based on ad-
sorption on a heterogeneous surface. The Langmuir
isotherm based on the ideal monolayer adsorbed
model is applicable to most real adsorption systems
that include structurally (high porous) heteroge-
neous solids."

Accordingly, in the system BFS-organic acid,
the Langmuir isotherm used to describe the adsorp-
tion process is:

_ qmaxKLce

= 3
I1+K,c, ®

q.

where ¢, and ¢, are the same as in eq. (2), ¢,,,, 1S the
maximum adsorption capacity and K, is constant
related to adsorption intensity. The constants q,,,,
and K, can be determined from a form of eq. (3),
represented by:

c 1 c

e

- L )
qe qmaxKL qmax

The Freundlich isotherm is an empirical equa-
tion that can be used for non-ideal sorption and is
commonly presented as:

qe :KFCl/n (5)

K is the Freundlich adsorption constant and //n
is related to adsorption intensity. It is expressed as:

1
Ing,=InK, +—Inc, (6)
n

The obtained data fit the linear relationship of
both Freundlich (Fig. 3) and Langmuir (Fig. 4)
ishoterm well.
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Fig. 3 — Freundlich adsorption isotherm of: a) citric and
b) acetic acid on BFS
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Fig. 4 — Langmuir adsorption isotherm of: a) citric and b)
acetic acid on BFS

The values of Langmuir and Freundlich con-
stants and correlation coefficients (R?) were deter-
mined and shown in Table 3. The correlation coeffi-
cient (R?) values indicated that, generally, experi-
mental data were well fitted to the Langmuir equa-
tion. Namely, the R?> value for HAc adsorption
on BFS is 0.9506; for CA adsorption on BFS R?
value is 0.9416. The maximum adsorption capaci-
ties are: ¢, = 4.53 mmol g! for HAc and g¢,,,, =
4.19 mmol g! for CA.

The minimum correlation coefficient (R?> =
0.8460) is obtained using the Freundlich equation

for HAc adsorption on BFS, while the greatest R?
value (0.9520) is obtained using the Freundlich
equation for CA adsorption on BFS. Values of ¢,
and K, for CA as compared to HAc confirm the af-
finity of BFS for both acids, but this one is not sim-
ilar, there is a difference.

The experimental results fit the Langmuir
model (isotherm) well for both studied acids (R*> >
0.94). However, Freundlich isotherm is only ac-
ceptable to quantify the citric acid adsorption on
BFS.

Standard Gibbs energy for the process is calcu-
lated as: AG = — R T InK,. The negative Gibbs en-
ergy values (Table 3) indicate the feasibility of the
process and the spontaneous nature of both HAc
and CA adsorption on investigated BFS.

Surface properties

A fundamentally important feature of
adsorbents is their high porosity and usually high
surface area. That is why their most important char-
acteristics deal with total pore volumes, pore size
distribution over the pore diameter and the specific
surface area. The adsorption capacities can be re-
lated to surface area properties of BFS as follows.
BET specific surface area of BFS was s = 31.46
m? g and average pore diameter determined by
BET method was d = 17.88 nm. Total pore volume
(1.7-300 nm pore diameter) was v = 0.157 cm? g
According to average pore diameter value, the BFS
may be considered mesoporous material.

BET surface area of BFS after CA adsorption
has a very low value (s = 3.31 m?> g'!). The sample
was nearly non-porous. Contrarily, in the case of
HAc adsorption, BET specific surface area was s =
35.55 m? g'!, and the average pore diameter for this
sample was 16.44 nm. Total pore volume (1.7-300
nm pore size) was v = 0.165 cm® g!. This differ-
ence in BET surface characteristics of investigated
samples is also confirmed by SEM method.

SEM micrographs of the BFS surface are shown
in Fig. 5. Scanning electron microscopy enables the
direct observation of any surface morphology
changes in the BFS that would have occurred due to
the acid adsorption. Clearly visible are accumula-

Table 3 — Adsorption isotherm constants for system BFS-organic acid

Langmuir constants

Freundlich constants

G~ 10° K, , _AG Ky ,

Adsorbate mol g_' L mol™! R kI mol™! (mol g—l)/(L mol—l)l/n n R
HAc 4.53 18.236 0.9506 -7.072 0.0053 3.66 0.8460
CA 4.19 17.644 0.9416 -6.992 1.608 5.12 0.9520




192 A. RADJENOVIC and J. MALINA, Adsorption of Organic Acids on Blast Furnace ..., Chem. Biochem. Eng. Q. 23 (2) 187-193 (2009)

Fig. 5— SEM micrographs of the BFS surface: a) before
adsorption; b) after CA adsorption and c) after HAc adsorp-
tion; ¢; (HAc) = ¢; (CA) = 0.05 mol L', contact time, t = 1 h

tions and deposits of CA and HAc adsorbed on BFS
surface. Different pore diameter is also observed as
change in morphology of samples. The heterogeneity
in the surface or pores of the BF sludge will play a
role in acid adsorption. Thus, BFS possess a com-
plex porous structure, which consists of pores of dif-
ferent sizes and shapes. For such mesoporous mate-
rial, the layer-by-layer adsorption mechanism could
be supposed as effective.'’

According to mineralogical composition and
the performed chemical analyses, the investigated
BFS contained mainly oxides and carbon (Tables 1
and 2). Literature data indicate that BFS with such
composition could be considered an effective adsor-
bent.?*2! This can be related to its high iron oxide
and carbon mass fraction, since both contain oxy-
genated surface functional groups. Oxides will al-
ways be the most important minerals for carboxylic
acids adsorption in natural systems. Namely, mod-
eling of mineral systems suggests that adsorption
occurs onto surface hydroxyl groups. Citric acid ad-
sorption onto kaolinite, goethite and illite, was
modeled with outer-sphere complexation to the
variable charge edge groups.®’-*223 Additionally, the
adsorption behavior of the studied adsorbates on
silica surface should also be mentioned.?*> Tt is
known that silica surface is generally embedded
with hydroxyl groups, and hence considered to
have a negatively charged surface prone to adsorp-
tion of deficient species like CA and HAc.

Conclusion

The use of blast furnace sludge as an adsorbent
for the acetic and citric acid from aqueous solutions
was evaluated.

The Langmuir and Freundlich isotherms were
used to determine the adsorption capacity of both
acetic and citric acid. The experimental data were
better fitted to the Langmuir equation (R?> > 0.94).
The negative Gibbs energy values indicated the
spontaneous nature of adsorption.

It was shown that the surface morphology of
BFS and BET surface characteristics were changed
under the influence of HAc and CA adsorption.

Chemical composition reflecting the pig-iron
production technology dominates the BFS adsorp-
tion characteristics. While amorphous phase
(mostly carbon) content provides the beneficial
BET specific surface area, different oxides detected
could be responsible for the preferential adsorption
of organic acids tested.

The adsorption of CA and HAc on BEFS is
shown to be an adequate activation procedure for
its surface modification. Modified BFS with en-
hanced surface activity (via functional carboxylic
groups) could be considered a potential adsorbent
for further application such as wastewater treat-
ment.
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No

N

qmax

R2

0

menclature

equilibrium concentration of adsorbate, mol L~

— initial concentration of adsorbate in solution,
mol L!

— concentration of adsorbate in solution at time,
mol L!

— particle diameter, um

— constant of Freundlich isotherm,
(mol g ")/(L mol )"/

— constant of Langmuir isotherm, L mol™!

- mass of adsorbent, g

— exponent in Freundlich isotherm

— pressure, Pa

— equilibrium adsorption capacity of adsorbent,
mol g!

— maximum adsorption capacity of adsorbent,
mol g!

— correlation coefficient

— specific surface area, m? g!

— time, min

— volume of solution, L

— specific volume, cm? g!

— mass fraction, %

— mole fraction of adsorbate adsorbed at any time

Gibbs free energy, kJ mol™!

mass concentration, g L
— temperature, °C
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