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ABSTRACT

The objective of the present study is to assess the efficiency of the fly ash agglomerates (particle size:
2.5-5.0 mm) concerning Cu(II) removal from aqueous solution. The experiments have been carried
out by using fly ash from brown coal and biomass burning power plant Zgierz (Poland). The tumble
agglomeration experiments have been conducted in the laboratory granulator. Adsorbent dosage
contact time and initial Cu(Il) concentration on the adsorption were investigated. The maximum
adsorption capacity achieved for fly ash agglomerates is 43.82 mg Cu(ll)/g for 10 g/dm® adsor-
bent-to-solute ratio. For 1,000 mg/dm?® Cu(II) solution the maximum removal was about 99% for
225 g/dm? adsorbent-to-solute ratio. The adsorption kinetics experimental data were fitted well with
the pseudo-second-order model. An intra-particle diffusion model was examined. The Freundlich
isotherm model is more adequate than the Langmuir or Dubinin—-Radushkevich one while fitting
the adsorption results of Cu(Il) onto fly ash agglomerates at 25°C. Column studies data were eval-
uated by using Thomas and Yoon-Nelson models. Fly ash agglomerates can be effective, low-cost,
and easy-handling adsorbent for the removal of toxic Cu(Il) ions from aqueous solution both in

batch and column processes. To complement Cu(II) adsorption study was made FT-IR spectra.
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1. Introduction

Anthropopressure is a total of human activities which,
in effect, transform the natural environment. The effect of
the processes performed in the production plants is the
emission of various types of pollutants, which, despite
the development of wastewater treatment techniques, are
released into surface waters and the atmosphere. One of the
most important challenges for the industry is to reduce the
realizing of heavy metals to water, soil, and air due to their
hazardous effects on humans and ecosystems. Moreover,
these contaminants come mainly from the metallurgical and
mining industries [1-3]. Within the numerous heavy metal
ions in industrial wastewater, anionic, and soluble form
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of copper in the double-positive cation type can be found.
Exposure of living organisms to an excess of ionic Cu forms
can lead to serious health problems, which has been exten-
sively described in the literature [4-6], even though copper
is needed by organisms for enzyme synthesis and tissue
development [7].

Recent works on the treatment of wastewater in fixed-bed
columns focus on adsorption onto various types of materials
[8,9]. If the adsorbent is a waste material, such as activated
carbon [10,11] and fly ash [12-14], it can be considered as
cost-effective and contribute to sustainable development.
Fly ash is generated during coal or biomass combustion pro-
cesses. The amounts of such industrial waste generated in
thermal energy production operations are quite significant
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and pose a relevant problem for power plants. This problem
is particularly noticeable in Poland, where 72.4% of electric-
ity is produced from hard coal and lignite. Consequently,
as much as 294 million tons of fly ash is generated annually
(according to the statistical yearbook of the Polish Central
Statistical Office). The present directions of its utilization
have been aimed at use as a building material, filler, and soil
amendment that may improve physical, chemical, and bio-
logical properties of the degraded soils and as a source of
readily available plant micro- and macro-nutrients [15,16].
Fly ash has a highly alkaline nature, which predisposes it
to adsorption of heavy metal ions, for example, As, Cd, Cu,
and TI [17-22], as well as boron removal [23,24] and organic
dyes [25,26]. In industrial applications, fly ash is converted
into a more practical form of briquettes, granules, and pellets
[27,28]. A variety of adsorbents, including natural materials,
modified natural materials, industrial by-products, nanoma-
terials, and low-cost biosorbent have been used for copper
removal [1,4,5,8-14,29-35].

This study aims to investigate Cu(ll) removal from
aqueous solution by fly ash agglomerates and to suggest
a possible solution for waste disposal. Both batch and
column adsorption of Cu(Il) experiments were conducted.
The application of this simple adsorption-based method
is promising in regions where water treatment is highly
challenging, especially where other technologies, such as
coagulation, membrane filtration, or biological treatment
is impossible [4].

2. Materials and methods
2.1. Fly ash

Fly ash used in these studies makes from lignite and
biomass-burning power plant Zgierz (Poland). The char-
acteristics of the material were presented in Polowczyk
et al.s’ [27] paper. Fly ash used in this study consisted of

anhydrite (44.2%), quartz (29.5%), calcium oxide (16.9%),
unburned carbon (5.5%), calcite (2.4%), and hematite (1.5%).
In Fig. 1, scanning electron microscopy (SEM) micrographs
morphology of fly ash can be recognized. The density of
fly ash is as 2.70 g/cm?® and it was determined using a pyc-
nometer. The surface area of fly ash is 17.3 m?g and was
measured with the BET/N, (Brunauer-Emmett-Teller)
method. Particle size analysis showed a volume median
diameter (450) of about 105.5 um, while 410 and 490 are
17.8 and 212.6 um, respectively, and the particle analysis
was carried out using a Mastersizer 2000 laser diffractom-
eter (Malvern, UK), equipped with a HydroMu disper-
sion unit (Malvern, UK). The median (d50) is the diame-
ter where half of the sizes are smaller than this value and
half are larger. The 410 diameter has ten percent smaller
and ninety percent larger and d90 describes the diame-
ter where ninety percent of the distribution has a smaller
particle size and 10% has a larger particle size.

2.2. Agglomeration process

The tumble agglomeration of fly ash has been conducted
in a laboratory disc granulator. Fly ash was continuously fed
onto an inclined 45°, rotating dish granulator (dish diameter
400 mm) driven by a motor at 150 rpm. Water was used as a
binder liquid. The liquid was atomized over the powder by
compressed air at a volumetric flow rate of 11 cm®/min. In
each experiment, 1,000 g of fly ash samples were taken, and
the agglomeration process was carried out for 45 min. After
this time, the agglomerates were formed. The wet product
was cured for 1 week to release hydration of cementitious
components at ambient temperature (25°C) and then dried.
After that, the agglomerates were divided into several frac-
tions. For the adsorption study, the fraction of 2.5-5.0 mm
was used. The specific surface area of agglomerates equals
25.9 m?/g. Compared to the fly ash specific surface area, this
value is higher, which is related to the formation of C-S-H
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Fig. 1. SEM micrographs of fly ash sample (a and b) and fly ash agglomerates (c and d): A — spherical grains of microspheres;
B - elongated anhydrite crystals, C — C-S-H phase, D — ettringite structures.
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and ettringite phase. Differences in a crystalline composition
are shown in Fig. 1 and were discussed in Polowczyk et al.’s
[27] paper. The mechanic strength analysis of agglomerates
was investigated by the monoaxial compression method
using a compact tabletop testing machine EZ Test LX
(Shimadzu, Japan) equipped with 500 N load cell (Shimadzu,
Japan). The destructive force was determined by placing the
agglomerate on a jig platform and slowly lowering the com-
pression plate (rate of descent — 5 mm/min) until the sample
cracks. The 10 compression test resulted in an average max-
imum force of 7.24 N with a standard deviation of +0.91 N.

2.3. Adsorption experiments

All chemicals used in the present work were of
analytical purity. The stock solution of Cu(II) was prepared
in 1.0 g/dm® concentration using CuSO,-5H,O and then
diluted to appropriate concentrations for each test.

Adsorption of Cu(ll) from aqueous solutions was
investigated in batch and column experiments. Cu(II)
concentration in solution was analyzed by using a labora-
tory ion meter (CPI-505 ELMERON), equipped with an ion-
selective electrode with a solid—copper membrane (Ecu-01
HYDROMET) and with a reference electrode (EAgCIP-311T
EUROSENSOR). The experimental setup for analyzing
of Cu(Il) is shown in Fig. 2.

The experiments of Cu(ll) adsorption from aqueous
solution was carried out on the fly ash agglomerates of
the diameter between 2.5 and 5.0 mm. The image of fly
ash agglomerates is shown in Fig. 3. Different of fly ash
agglomerates amounts (0.1-2.25 g) was applied to 10 cm?®
of the solution containing 500 mg/dm?® or 1,000 mg/dm?®
Cu(Il) solution to find out the effect of adsorbent dosage
on Cu(Il) removal. In a kinetic study, the batch experi-
ment was repeated at different time intervals using 0.5 g of
adsorbents and 10 cm?® of the solution containing 1,000 mg/
dm?® Cu(Il) solution. Cu(Il) concentration was monitored
for 24 h, starting at the second minute. The measurements
were carried out at 2, 5 10, 15, 30, 60, 120, 240, 480, and
1,440 min. Isotherm studies were performed by varying the
initial Cu(II) concentrations (25-1,000 mg/dm?), keeping
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Fig. 2. The experimental setup for analyzing of Cu(Il) (1 - the
ion-selective electrode with a solid-copper membrane; 2 — the refer-
ence electrode; 3 — the laboratory ion meter; 4 — the aqueous solution).

the adsorbent dose of 0.5 g. The resulting suspensions
were shaken for 24 h. All experiments were carried out at
25°C + 1°C. The amount of adsorption (q) was calculated
by the following equation [12,13]:

S Lomea) ] "

m

where ¢, and Coq (mg/g) are the initial and equilibrium Cu(II)
concentrations, respectively. V (cm?) is the volume of the
solution, and m (g) is the amount of adsorbent used.

All the experiments with adsorption of Cu(Il) were
carried out at pH around 5.50 because the real wastewater
containing copper ions have acidic pH.

These experiments were performed in a small-scale
cylindrical fixed-bed column (1.5 cm internal diameter
and 15 cm length). The column was packed with fly ash
agglomerates on glass wool support. The bed height was
10 cm, and the corresponding bed was loaded with 10 g of
fly ash agglomerates. Cu(II) solution (500 mg/dm?®) at nat-
ural pH was delivered downflow to the column using a
peristaltic pump (ZALIMP 315) at a 1.5 cm®/min flow rate.
All the column studies were performed at room tempera-
ture of 25°C + 1°C. Samples were collected at certain time
intervals and then analyzed for remaining Cu(II) concen-
tration. The column experiments were continued until a
constant Cu(Il) concentration was obtained in the effluent.
All experiments have been made in duplicate. The experimen-
tal setup is given in Fig. 3.

After column adsorption experiments, the fly ash
agglomerates were separated in a sieve and air-dried, then
500 cm?® of distilled water was added for 48 h and shaken
to check that Cu(Il) is permanently bound to the adsorbent.

2.4. Adsorption modeling approaches
2.4.1. Kinetic models of adsorption
2.4.1.1. Elovich model

One of the most useful models for describing adsorption
is the Elovich equation [36,37], which is given by:

)

Fig. 3. (a) The experimental setup for adsorption of Cu(Il) from
aqueous solution: 1 — influent (stock solution of Cu(II): 500
mg/dm?), 2 — glass column, 3 — fixed bed, 4 — effluent; (b) fly ash
agglomerates: fraction 2.5-5.0 mm.
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q:%{é.ln(a. B)}{éln(t)} @

where a (g min*/mg) is the initial sorption rate, the parame-
ter B (mg/g min) is related to the extent of surface coverage
and activation energy of chemisorption, and q =g, at t =0.

2.4.1.2. Pseudo-first-order model

The pseudo-first-order (PFO) equation (Lagergren’s
equation) describes adsorption in solid-liquid systems based
on the sorption capacity of solids, and this model is given as
follows [38]:

aQ
T;Zkl(Ql_qt) 3)

After integration with the initial condition g, =0 at t =0,
can be obtained.

q,=Q, [1—exp(—k1-tﬂ 4)

where g, (mg/g) is the adsorption capacity at time ¢ (min),
Q, (mg/g) the amount of adsorption equilibrium, and
k, (1/min) is the rate constant of the PFO adsorption. The
rate constant, k, and correlation coefficients (R?) were
calculated from the linear plots of log(Q, —g,) vs. t.

2.4.1.3. Pseudo-second-order model

The pseudo-second-order (PSO) rate expression, which
has been applied for analyzing chemisorption kinetics from
liquid solutions [39]. This model is given in the following
form:

dQ,
dt

=k Q-9 ®)
When the initial condition is g,= 0 at t =0, after integration:

— k2~Q§~t
" k-0, ©

It can be represented in a linear expression from the
linear plots of /g, as:

i:;_’_i (7)
qt (szzz) qz

where k, (g/mg min) is the rate constant of the PSO equa-
tion, Q, (mg/g) is the amount of adsorption equilib-
rium and g, (mg/g) is the amount of adsorption at any
time ¢t (min). k,Q? = h denotes the initial adsorption rate
(mg/g min). This model is more likely to predict the kinetic
behavior of adsorption with chemical sorption being the
rate-controlling step [39].

The slowest step of adsorption, that is, the rate-limiting
step may perform by either the boundary layer (film) or as

the intra-particle (pore) diffusion. The intra-particle diffusion
model is given as follows [13,37]:

q,=kp t*°+b 8)
where g, (mg/g) is the adsorption capacity at any time ¢
(min), and k, (mg/g min'?) is the intra-particle diffusion
model rate constant, and b (mg/g) is the film thickness.

The higher the value of b, the greater the effect of the
boundary layer on the adsorption process. If the rate-
limiting step is the intra-particle diffusion, the plot of g, vs.
2 should be a straight line. The variation of the plot from
the linearity suggests that the rate-limiting step should
be the boundary layer (film) diffusion-controlled [13].

2.4.2. Equilibrium isotherms

The adsorption isotherm evaluation is crucial to deter-
mine the adsorption capacity and to analyze the adsorption
mechanism. Usually, Freundlich and Langmuir adsorp-
tion isotherm models are used to determining the adsorption
equilibrium and fit the experimental data of heavy metal
ions adsorption. In this work, the experimental data of Cu(II)
adsorption were described using with Freundlich, Langmuir,
and Dubinin—-Radushkevich equations. The isotherm param-
eters were obtained with linear regression. Table 1 shows
isotherm models and their linearized forms applied in the
present work.

2.4.2.1. Freundlich model

The Freundlich equation is an empirical expression based
on adsorption on a heterogeneous surface. The Freundlich
model is represented by the equation [40]:

0, =K -CL" €

where K, (mg/g) is Freundlich constant related to the
adsorption capacity of adsorbent and n (dimensionless) is a
Freundlich exponent indicating the adsorption intensity.

2.4.2.2. Langmuir model

The Langmuir isotherm model has been success-
fully applied to many adsorption processes, and the basic
Langmuir theory is that adsorption takes place at specific
homogeneous sites within the adsorbent. The Langmuir
equation is [41]:

QLKL ’ Ceq

Jeq = m (10)

where Teq and Q, are the equilibrium and monolayer adsorp-
tion capacities of the adsorbent (mg/g), respectively, €. 1S the
equilibrium Cu(II) concentration in the solution (mg/dm?),
and K, is the Langmuir constant (dm?/g) related to the free
energy of adsorption.

Four linearized forms of Langmuir equations are pre-
sented in Table 1. The parameters of Langmuir isotherm
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Table 1
Linear and non-linear isotherm equations
Isotherm Equation Linear form Relationship
1 n 1
Freundlich g = K-l log(qeq) = log(KF)+;~log(ceq) log(qeq) Vs. 10g(ch)
. Coq 1 Coq Coq 1
Langmuir-I L) [ M ys, —
qeq (QL KL) QL qeq Ceq
: 1 1 1 1 1 1
Langmuir-II — = —_— —vs. —
QL : KL . Ceq qeq (QL ' KL) Ceq QL qeq Ceq
foa ™ (1+K, c,)
. L “eq ~ 1 Teq .
Langmuir-IIT Gog =QL— K7L — (o VS- -
eq eq
. Ieq Teq
Langmuir-IV c =K, -Q, -K, oy ; vs. 4,
eq eq

Dubinin-Radushkevich Joq = Qg - €XP (_kDR ) 82)

ln(qeq ) = ln(QDR ) —Kpg - &

equations were determined by plotting graphs between
C/eq V8- €., (Langmuir-I), 1/q, vs. 1/c, (Langmuir-II), g
vs.q, /c _(Langmuir-IIl), and g_/c_vs. 4., (Langmuir-IV) [42].

eq eq eq eq

2.4.2.3. Dubinin—Radushkevich model

Since the Freundlich and Langmuir isotherm models do
not give any idea about the mechanism of adsorption, the
equilibrium data are tested with the Dubinin-Radushkevich
(D-R). Dubinin and Radushkevich have reported that the
characteristic adsorption curve is related to the porous
structure of a sorbent. D-R equation is generally expressed
as follows [43]:

ln(qeq):ln(QDR)—kDR & (11)

where ¢ is the RT In(1 + 1/ceq) (Polanyi potential). Q.
(mg/g) is the theoretical saturation capacity, k., (mol*/kJ?)
is the constant related to the adsorption energy, R is the gas
constant (8.314 kJ/mol), and T is the absolute temperature
(K). The D-R isotherm is used to determine if the adsorp-
tion process is chemical or physical in nature. The low free
energy of adsorption (E) can be calculated from the k, value
using the following relation [43]:

S S (12)

[(2 Kog )“1

2.4.3. Column studies

Adsorption in a fixed bed can be described by using two
most common models: the Thomas model and the Yoon—
Nelson model. Table 2 shows the equations of these models
and their linear forms.

2.4.3.1. Thomas model

The Thomas model is one of the overall and widely
used to describe the performance theory of the adsorption
process in a fixed-bed column. This model is appropri-
ate in a laboratory system with a constant flow rate and
non-axial dispersion and is behavior matches the Langmuir
isotherm [41]. The equation is the following [44,45]:

e b5

where ¢, and ¢, are the initial and effluent concentration
(mg/dm?), respectively, k,, is the Thomas rate constant (cm?/
mg min), Q is the volumetric flow rate (dm*/min), and m is
the amount of adsorbent in the column (g). The constant
kinetic k;, and the adsorption capacity of the column g, can
be calculated from a plot of In((c,/c) — 1) vs. V according to
Eq. (13).

(13)

2.4.3.2. Yoon—Nelson model

The Yoon-Nelson model is a straightforward and
transparent model, which does not demand any information
related to the property of adsorbate, adsorbent type, and
the physical property of the adsorption bed [46]. The lin-
earized form of Yoon-Nelson model for a single component
system is expressed as [46]:

1an<€06qu =k (t-17)

where k, is the rate constant (1/min) and t is the time
required for 50% adsorbate breakthrough (min). The values
of parameters k , and t for the adsorbate can be calculated
from the plot of In(c/(c, - c,)) vs. time (t) according to Eq. (14).

(14)
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Mathematical equations and breakthrough curves equations of used models

Model Mathematical equation Linear dependence Breakthrough curve
c kg -q kg -c c G 1
Thomas In 0)1 —[HJ[MJV In (0]1 vs. V —=
Kct Q Q ¢ o {l+exp[(kTh /Q)(qm~m—co~V)J}

Yoon-Nelson =kyy- (t - ‘c)

")

In {(COQC’J vs. t

_ co~exp|:kYN'(f—T):|
¢ {1+exp[kw '(f_r)]co}

S

3. Results and discussion
3.1. Effect of adsorbent dose

Adsorbent dosage for fly ash agglomerates varied from
10 to 225 g/dm?. The effect of the adsorbent dosage on
the Cu(Il) removal is presented in Fig. 4. The percentage
removal of Cu(Il) was increasing with adsorbent dosage.
For the solution concentration 500 mg/dm?® of Cu(Il), the
maximum uptake of Cu(ll) by fly ash agglomerates was
achieved for a minimal possible adsorbent-to-solute ration
of 10 g/dm?® and was 16.7 mg Cu(II)/g of adsorbent (Fig. 4a).
The maximum removal of Cu(Il) was c.a. 99% for maximal
adsorbent-to-solute ratio 225 g/dm? For the solution con-
centration 1,000 mg/dm?® of Cu(ll), the maximum uptake
of Cu(Il) by fly ash agglomerates was achieved for a min-
imal possible adsorbent-to-solute ration of 10 g/dm® and
was 43.82 mg Cu(II)/g of adsorbent (Fig. 4b). The maximum
removal of Cu(Il) was nearly 100% already from 90 g/dm?
(adsorbent-to-solute ratio). From both figures (Figs. 4a and
b), it can be noted that the adsorption capacity was found to
decrease proportionally with an increase in the number of
fly ash agglomerates. However, the Cu(II) removal effective-
ness of fly ash agglomerates increasing with the increased
adsorbent amount. It can be due to many vacant active sites
onto fly ash agglomerates hence greater adsorption of Cu(lII).
As the initial concentration of Cu(Il) is constant, Cu(II)

(a)18 T—e—F— 100
|
A = - 90
\ >
-
14 \ —* - 80
5
= / - 70
h / —_
E® %% £
) J—
S 10 . =
a \ TV =
2 3 L
o —
g ‘W\ T
= 64 3
=] L
3 '\‘\ 30
H‘.—.“H‘_
4
\.--._._‘_ 2
2 = 10
0 0
0 50 100 150 200 250
Adsorbent dose (g/dm?)

(b)

Cu(lly adsorption (mg/g)

ions can occupy only a certain number of active sites. For
each concentration of ions, there is a corresponding dose of
adsorbent at which adsorption equilibrium will be achieved.

3.2. Equilibrium time for the adsorption of Cu(Il)

Fig. 5 shows the plot of Cu(ll) adsorption capac-
ity of fly ash agglomerates against contact time. It can
be observed that the adsorption was rapid in the initial
stages and increased with a rise in contact time up to 8 h
at 25°C + 1°C. After a time, there was no considerable
change in the adsorption capacity of fly ash agglomerates.
It could be attributed to a large number of vacant binding
sites, which are available for adsorption during the initial
stage, and after an increase in contact time, the occupation
of the remaining vacant sites will be demanding due to the
repulsive forces between the Cu(Il) ions on the solid and
the liquid phases [47]. As shown in Fig. 5, the removal of
Cu(II) by fly ash agglomerates is a time-consuming process.
The process was conducted for 24 h; however, the kinetics
study revealed that the equilibrium was achieved after 8 h.
The efficiency of Cu(Il) removal was about 90%.

To evaluate the kinetics of the adsorption process, the
Elovich, the PFO, and PSO models were tested to interpret
the experimental data. The obtained kinetic model constants
and R? values are shown in Table 3.

50.00 s + - 100.00
‘l _%
45.00 V 90.00
40.00 A 80.00
35.00 7000 .
\ S
30.00 60.00
\ g
Q
25.00 5000 E
\ o
20.00 00 =
\ 3
15.00 30.00
10.00 \\\ 20.00
5.00 — 10.00
b)
0.00 0.00
0 50 100 150 200 250
Adsorbent dose (g/dm?)

Fig. 4. Effect of adsorbent dose at (a) 500 mg/dm?® and (b) 1,000 mg/dm3 of initial Cu(II) concentration.
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The values of k, and Q,, for the PFO model, were cal-
culated using the slope and plots intercept of log(Q, - g,)
vs. t. PSO adsorption parameters Q, and k, in Eq. (7) were
determined by plotting t/g, vs. t. The correlation coefficient
for the PSO kinetic model is exceptionally high (R? = 0.999),
much higher than the correlation coefficients derived from
the Elovich and PFO model fits. The excellent agreement
between the experimental (Q_ o) and the calculated values
of Q, demonstrate that the PSO model adequately describes
the adsorption data obtained in the present study, and we
can suggest that Cu(Il) ions were adsorbed onto the fly ash
agglomerates via chemical interaction. Similar trends have
been reported for the adsorption of Cu(Il) ions from aque-
ous solutions by other adsorbents [47,48,51,52]. The calcu-
lated average relative errors deviation (ARED) for kinetic
models were added in Table 3. These values confirm that
the PSO model is the best to describe the experimental data.

The adsorption mechanism also can be determined
using the intra-particle model. As can be seen in Fig. 6, the
adsorption of Cu(Il) onto fly ash agglomerates is a three-
stage process. The initial steeper section represents surface
or film diffusion, the second linear section represents a grad-
ual adsorption stage where intra-particle or pore diffusion
is rate-limiting, and the third section is the final equilibrium
stage. The values for k,, and k,, were calculated from the

100

90

50{

Removal of Cu(ll) (%)
g
—

30

20

0 200 400 600 800 1000 1200 1400 1600

slope of each plot. Table 4 gives the values of these parame-
ters (k,,,, k., and b). The value of k,, is lesser than the value
of k,, and suggested that the second step of Cu(II) adsorp-
tion had controlled the process in the present case because
this step is slower than the first are. However, the calculated
value of b (b ! 0) suggests that the intra-particle diffusion is

not the sole rate-limiting step [13,30].

3.3. Effect of initial Cu(Il) concentration

The initial concentration of metal ion is an essen-
tial variable at adsorption researchers. Therefore, the

20
y =0.0071x + 17.844

18 o

14 =y =10.386x +9.4496 |

1/
N

/| y =2.5038x - 2,0856
4 f
2 7

L]

0 5 10 15 20 25 30 35 40
112 (min2)

The adsorption capacity (mg/g)

Fig. 6. Intraparticle diffusion plots for Cu(Il) adsorption on fly
ash agglomerates (initial Cu(Il) concentration: 1,000 mg/dm?;
adsorbent dose: 50 g/dm?; pH 5.5; T = 25°C + 1°C).

Table 4

Constant parameters and correlation coefficients calculated
for the intra-particle diffusion model (initial Cu(Il) concen-
tration: 1,000 mg/dm?, adsorbent dose: 50 g/dm?, pH 5.5, and
T=25°C+1°C)

Intra-particle diffusion

k,, (mg/g min'?) 2.50

Time (min)
ki, (mg/g min'?) 0.386
Fig. 5. The removal of Cu(Il) by fly ash agglomerates (initial b (mg/g) 945
Cu(Il) concentration: 1,000 mg/dm?; adsorbent dose: 50 g/dm?; R 0.9877
pH 5.5; T=25°C +1°C). ’
Table 3
Parameters of the kinetic models and the correlation coefficient
Qexp Elovich PFO PSO
a (g min*/mg) 1.63 k, (1/min) 5.08-107 k, (g/mg min) 1.56:107°
[ (mg/g min) 0.375 Q, (mg/g) 9.62 Q, (mg/g) 16.80
18.13 mg/g R? 0.953 R? 0.976 h (mg/g min) 0.441
R? 0.999
ARED 22.4% 46.9% 7.34%
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adsorption of Cu(Il) onto fly ash agglomerates was stud-
ied at different initial Cu(Il) concentrations ranging from
25 to 1,000 mg/dm?® at pH 5.30 and 25°C + 1°C. As shown
in Fig. 7, while increasing the initial Cu(Il) concentration,
the adsorption amount (g/mg) is increased, and the adsorp-
tion percentage is decreasing. At lower concentrations, all
Cu(Il) ions in the solutions could interact with the active
sites on the adsorbent, and thus the adsorption capacity was
rapidly increased with increasing initial Cu(II) concentra-
tion. At higher concentrations, the adsorption capacity was
nearly constant due to the saturation of the adsorption sites.

3.4. Adsorption isotherms

The Langmuir, Freundlich, and Dubinin-Radushkevich
isotherm models were used to describe the equilibrium
data in this study. The coefficient of determination (R?) and
the ARED were used to determine which isotherm model
best describes experimental data. The calculated isotherm
parameters for these models for the adsorption of Cu(II)
onto fly ash agglomerates was shown in Table 5. Table 5,
the calculated values of the coefficient of determination
(R?), and the ARED were shown. ARED can be calculated
as follows [42]:

ARED _ l . i (qeq,cal - qeq,exp) . 100%

N & (15)

qeq,exp

where N is the number of experiments, q,__, and oqerp ATE
the equilibrium adsorption capacities 02’ the adsorbent
calculated and experimental, respectively (mg/g).

All equations fit the data reasonably well, but the
best-fit was obtained with the Freundlich isotherm model
(R? > 0.99). The fitting of experimental data by the Freundlich
isotherm model is given in Fig. 8.

The Freundlich isotherm constants K, and n are deter-
mined from the intercept and slope of a plot of log(ch) vs.
log(ccq). The Freundlich constant n has a value lying in the
range of 1-10, which suggests that adsorption as favorable.
The suitability of the Freundlich isotherm model indicates
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Fig. 7. Effect of initial Cu(Il) concentration (initial Cu(II)
concentration: 25-1,000 mg/dm? adsorbent dose: 50 g/dm3;
pH5.5; T=25°C £1°C).

the heterogeneous surface of fly ash agglomerates and the
multilayer adsorption of Cu(Il) on this adsorbent.

The comparison of the four linearized Langmuir equa-
tions shows that the Langmuir-I give a higher value of
correlation coefficient (R? = 0.9532) than that of the other
three linearized equations. The values of parameters and
R? shown in Table 5. From Table 5, it can be concluded that
different linear Langmuir equations give non-identical
values of parameters. The adsorption capacity of fly ash
agglomerates was found to be 19.80 mg/g for Langmuir-I,
and that of Langmuir II, III, and IV are 10.10, 12.30, and
14.90 mg/g, respectively. Thus, during linearization, errors
in the computation of parameters may be responsible for the
variation in the adsorption capacity (Q,) and the Langmuir
constant related to the free energy of adsorption (K, ) [42].

The use of DR isotherm allows the determination of the
characteristic energy of adsorption. The adsorption energy
(E) gives information about whether the adsorption mech-
anism is ion-exchange, chemisorptions, or physical adsorp-
tion. However, the D-R isotherm correlation coefficient is
the lowest (R? = 0.6711) compared to the other three isotherm
models (Table 5) and it is difficult to say that the calculated
energy of adsorption will be reliable information.

Some authors found best-fitting of experimental data
using Langmuir model of Cu(ll) adsorption on different
sorbents, such as activated carbon prepared from grape
bagasse [48], activated and nonactivated date pits [49], zeo-
lite derived from Indian fly ash [50], peat [51], natural clay
[32], modified orange peel [52], multi-walled carbon nano-
tubes [33], and as well as various type of fly ash [12,13,31,53].
Freundlich isotherm model was reported to fit well for
Cu(II) removal by rose waste biomass [54], iron oxide coated
eggshell powder [55], banana, and orange peels [56].

The data obtained and their comparison with the infor-
mation contained in the literature allow concluding, that
the Langmuir model best describes the adsorption of Cu(II)
on fly ash agglomerates. The maximum adsorption value is
19.80 mg/g (Table 5).

14

y=04161x + 03608
12 || Re=09%67 |
/

0.4

02
-0.5 0 0.5 1 1.5 2 25

log(Ceq)

Fig. 8. Freundlich isotherm model of Cu(ll) adsorption onto
fly ash agglomerates (initial Cu(lIl) concentration: 25-1,000
mg/dm?; adsorbent dose: 50 g/dm?; pH 5.5; T = 25°C + 1°C).
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Table 5
Freundlich, Langmuir, Dubinin—-Radushkevich isotherm parameters (initial Cu(ll) concentration: 25-1,000 mg/dm?,
adsorbent dose: 50 g/dm?®, pH 5.5, and T = 25°C + 1°C)
Isotherm Parameters Fitting
- K R% (- AR %
Freundlich ") r (mg/g) ©) ED (%)
2.40 2.23 0.9934 6.43

Langmuir Q, (mg/g) K, (dm*/mg) R? () ARED (%)
I 19.8 0.037 0.9532 13.1
II 10.1 0.395 0.8923 28.3
I 12.3 0.270 0.6514 29.7
v 14.9 0.128 0.9032 14.9

. . Qpg (mg/g) kg (mol’/kJ?) R*(-) ARED (%)
Dubinin-Radushkevich 9.91 3.79x10° 0.6711 437
3.5. Mathematical description of fixed-bed column studies 1 [

oot
The loading behavior of Cu(Il) removed from a fixed 0.9 . 0.000
bed system/setup containing fly ash agglomerates media 0.8 °
is shown by the breakthrough curve given in Fig. 9. 0 ®
The breakthrough curve is expressed using normalized 07 ,9°
concentrations and defined as a ratio of effluent Cu(Il) 0.6 v°°
concentration to the initial Cu(Il) concentration (c/c,) as a - oof
function of time (t) or volume of effluent (v_,) for a given bed 5 05 °°°
height (k). The volume of the effluent (v ) was determined 04 .
using the following Eq. (16) [57,58]: °
0.3 ~
Ueff = thtal (16) 02
o
The area under the breakthrough curve obtained by 01 °°°

integrating the adsorbed concentration vs. the throughput 0 #°

volume plot can be used to find the total adsorbed Cu(II)
quantity (the maximum column capacity). The adsorption
capacity of the bed (g,) can be calculated from Eq. (17) used
by many authors for boron adsorption [23,24], chromium
adsorption [59] and zinc adsorption [60]. This equation is
given in the following form:

(17)

where ¢, is the initial Cu(II) concentration (c,) is the effluent
Cu(II) concentration (c,).

The column capacity value of fly ash agglomerates (g, )
is given in Table 7.

Adsorption in a fixed bed can be described by using
two models: the Thomas and the Yoon-Nelson models.
The experimental data of Cu(Il) adsorption onto fly ash
agglomerates packed in the column were fitted using these
models. The Thomas equation and the Yoon-Nelson equa-
tion parameters for Cu(Il) adsorption are shown in Table 6.
The kinetic coefficient k, and the adsorption capacity of
the column q,, were calculated from a plot of In((c/c,) — 1)
against t for Thomas model (Fig. 10). While the parameters
k. and t were determined from a plot of In(c/(c, — ) vs. t
for Yoon-Nelson model (Fig. 11).

The maximum column capacity evaluated from the
experiment (10.15 mg/g) is comparable with the value of

0 50 100 150 200 250 300 350 400 450
Time (min)

Fig. 9. Breakthrough curve for Cu(Il) adsorption by fly ash
agglomerates (particle size: 2.5-5.0 mm).

the static uptake obtained from the batch experiments for
the similar adsorbent-to-Cu(ll) ratio (25.3 g/dm?) (Fig. 4a).
The calculated ARED from Eq. (15) were 3.94% and 7.09%
for Thomas and Yoon-Nelson.

Some authors found the exceptional fit of experimen-
tal data using Thomas model of Cu(Il) adsorption capac-
ity on different materials, such as palm oil boiler mill fly
ash (POFA) [57], chitosan immobilized on bentonite [58] or
kenaf fibers [61] and biosorbent [62]. However, it is not easy
to compare these adsorbents because each column capac-
ity was determined in different process conditions such
as different initial concentrations, bed height, or flow rate.
It can be stated that the Thomas model is the most used
model to describe the dynamics of adsorption.

After column studies, Cu(Il) desorption experiments
on fly ash agglomerates were carried out in static mode,
that is, treatment of fly ash agglomerates with deionized
water for 48 h. The Cu(ll) concentration in eluates was
below 1 mg/dm® Fly ash agglomerates used in this study
are waste material. Therefore, the regeneration of adsorbent
has not been examined.
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Table 6
Parameters of the Thomas and Yoon—Nelson models
Toxp Yoon-Nelson model Thomas model
k. (1/min) 0.0132 k,, (cm’/mg min) 2.45-x107°
10.15 mg/g T,y (mMin) 127.8 dr, (Mg/g) 10.55
Gy (Mg/g) 943
R? 0.9795 R? 0.9781
1 250
08
L]
[y=74.409x + 12776
06 20 R2=0.9795 .
\ [y=-2E-05x+ 1.7193 /
04 \| R2=0.9781 e
— 150
<02 z o
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Fig. 10. The plot of In((c,/c,)") vs. t according to Thomas model.
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Fig. 11. The plot of t vs. In((c/c,~,)) according to Yoon-Nelson

model.
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Fig. 12. FT-IR spectra obtained for fly ash agglomerates before and after Cu(II) adsorption.
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3.6. FT-IR analysis

A detailed description of the FT-IR analysis of fly ash
and fly ash agglomerates was presented in Polowczyk
et al.s’ [27] paper. The FT-IR spectra proved the presence of
functional groups able to bind Cu(II) ions on fly ash agglom-
erates surface. Based on the FI-IR spectra (Fig. 12), the
leading bands can be observed in the following ranges:

3,600-3,400 cm™,
1,600 cm™,
1,400-1,200 cm™,
750450 cm™.

The bands around 3,600-3,400 cm™ and 1,600 cm™ are
associated with stretching and deformation vibrations of OH
and H-O-H groups. The peak around 1,400 cm™ might be
ascribed to the presence of O—C-O stretching vibration in
carbonate. The peak around 1,200 cm™ indicates the presence
of -507 species previously found in ettringite. The bands in
the range of 750450 cm™ are caused by the in-plane bending
vibration of Si—-O-Si [63-68].

Comparing the FT-IR spectra of agglomerates before
and after Cu(Il) adsorption, significant changes can be
observed (Fig. 12). Most of all, the appearance of changing
in the bands of 3,600-3,400; 1,600; 1,400; and 1,200 cm™.
The second characteristic difference is observed in the range
of 750-450 cm™, where the C-S-H phase appeared. It can be
assumed that bands’ shifts are related to the Cu(II) bond by
the respective groups. Increasing intensity of the bands at
1,200-1,100 cm™ suggests the replacement of -SOZ" ions orig-
inated from ettringite by Cu(II). The change in the chemical
structure of this mineral can also be observed in the area
3,600-3,400 cm™', where the bands in unsaturated adsor-
bent increase after adsorption of Cu(ll), indicating further
changes. It can be assumed that the shifts in the bands are
related to the Cu(Il) bond by the respective groups. Chen
et al. [69] and Giergiczny and Krol [70] presented in their
works that the C-5-H phase mostly controls the immobili-
zation of heavy metal ions.

4. Conclusion

In the presented studies, the removal of Cu(I) from aque-
ous solutions was investigated using fly ash agglomerates
(2.5-5.0 mm) in batch and column experiments. The results
can be summarized as:

¢ The maximum adsorption capacity was found as
16.90 mg/g for initial Cu(Il) concentration 500 mg/dm?
and 44.90 mg/g for initial Cu(Il) concentration 1,000
mg/dm?.

e The maximum removal was achieved at about 99%.

¢ The kinetic study revealed that the adsorption kinetics of
Cu(II) onto fly ash agglomerates obeys PSO model.

e Based on the IPD kinetic model, it can be stated that the
Cu(II) adsorption onto fly ash agglomerates was a three-
stage process.

* The experimental data were fitted well using the
Freundlich isotherm, but the Langmuir model has also
obtained high the correlation coefficient (R* > 0.95). The

Dubinin-Radushkevich equation was not good for the
description of Cu(Il) adsorption on fly ash agglomerates.

e The column capacity value was obtained by graphi-
cal integration as 10.15 mg/g for the adsorbent-to-sol-
ute ration of 25.3 g/dm® The experimental data were
described by using Thomas and Yoon-Nelson models.

e Agglomerated fly ash can be an effective adsorbent for
removing of Cu(Il) from aqueous solutions. The fly ash
agglomerates are economic competitiveness resulting
from the simplicity of gathering these adsorbents com-
paring to expensive and commercial solutions. Moreover,
the proposed application may be the complex response
for disposal of wastes created in electric plants.
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Symbols

b — Film thickness, mg/g

c, — Initial Cu(II) concentrations, mg/dm?®

Coq — Equilibrium Cu(Il) concentrations, mg/dm?

Coq —  Equilibrium Cu(II) concentration in the solution,
mg/dm?

c, — Effluent Cu(II) concentration, mg/dm?

E — Low free energy of adsorption, J/mol

F — Volumetric flow rate, dm®/min

h — Initial adsorption rate, mg/g min

k, — Rate constant of the PFO equation, 1/min

k, — Rate constant of the PSO equation, g/mg min

kox — Constant related to the adsorption energy,
mol?/kJ?

K, — Freundlich constant related to the adsorption
capacity of adsorbent, mg/g

ke — Intra-particle diffusion model rate constant,
mg/g min'?

K, — Langmuir constant related to the free energy of
adsorption, dm®/g

k., — Thomas rate constant, dm?*/mg min

ko — Rate constant, 1/min

m —  Amount of adsorbent used, g

n —  Freundlich exponent indicating the adsorption
intensity, —

q — Amount of adsorption, mg/g

Q, —  Amount of soluted adsorbate adsorbed at equi-
librium, mg/g

Q, — Amount of adsorption equilibrium, mg/g

Q.  — Theoretical saturation capacity, mg/g

Teq — Equilibrium adsorption capacities of the adsor-
bent, mg/g

Q, —  Monolayer adsorption capacities of the adsor-
bent, mg/g

q, — Adsorption capacity at time, mg/g

4y, ~—  Adsorption capacities of the adsorbent, mg/g

R — Gas constant, J/mol K

t — Time, min

T — Absolute temperature, K

bow  — Total time of flow till exhaust, min
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\% — Volume of the solution, dm?

Uy — Volume of effluent, dm?

ol —  Initial sorption rate, g min?’/mg

B —  Parameter of Elovich model, mg/g min

€ —  Polanyi potential, J/mol

T —  Time required for 50% adsorbate breakthrough,
min
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