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a certain cost-eﬀective treatment material ﬁt for the dye
removal in aqueous solutions.

Abstract: A novel porous ceramsite was made of municipal sludge, coal ﬂy ash, and river sediment by sintering
process, and the performance of batch and ﬁxed-bed
column systems containing this material in the removal
of acid red G (ARG) dye from aqueous solutions was
assessed in this study. The results of orthogonal test
showed that sintering temperature was the most important determinant in the preparation of porous ceramsite,
and it possesses developed pore structure and high speciﬁc surface area. Batch experiment results indicated that
the adsorption process of ARG dye toward porous ceramsite was a spontaneous exothermic reaction, which could
be better described with Freundlich–Langmuir isotherm
model (R2 > 0.992) and basically followed the pseudoﬁrst-order kinetic equation (R2 > 0.993). Column experiment results showed that when the porous ceramsite was
used as packing material, its adsorption capacity was
roughly improved by 3.5 times compared with that in
batch system, and the breakthrough behavior was simulated well with Yoon–Nelson model, with R2 > 0.954. This
study suggested that the novelty man-made porous ceramsite obtained from solid wastes might be processed as
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1 Introduction
Ceramsite is a typical porous material, which has many
applications in the ﬁelds of architecture industry, landscaping area, environmental protection, and so on [1–3],
mainly because of its high porosity, large pore diameter,
good chemical stability, and suﬃcient mechanical strength
[4,5]. Currently, there are two major preparation processes
of ceramsite, such as high-temperature sintering method
and sintering-free method [6,7]. Among them, the former
has attained widespread application, whereas the latter
remains in the stage of technical improvement. It is a routine to use irreplaceable objects represented by clay and
shale as a key raw material in the production of ceramsite
[8,9]. Undoubtedly, the traditional preparation method is
not environmentally friendly, and therefore it cannot meet
the requirements of sustainable development [10]. Eventually, it emphasizes the necessity to apply new raw materials in place of irreplaceable objects.
Municipal sludge is an essential by-product generated
in drinking water treatment plants and wastewater treatment
facilities [11,12]. Generally, municipal sludge contains various organic pollutants (such as polychlorinated biphenyls,
polycyclic aromatic hydrocarbons, and dioxins), heavy metals
(such as Cr, Hg, and Pb), and pathogenic agents [13,14]. In
recent years, the main ways of municipal sludge disposal can
be followed by diﬀerent processes, ranging from agricultural
fertilizer, composting, sanitary landﬁll, and incineration
[15,16]. Unfortunately, the aforementioned options have signiﬁcant drawbacks [17]. For instance, heavy metals in municipal sludge often cause serious environmental problems,
restricting its application as a fertilizer. Besides, landﬁlls
occupy vast lands and pollute the surroundings. Therefore,
This work is licensed under the Creative Commons Attribution 4.0
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it is essential to develop more eﬀective and safer approaches
for the municipal sludge disposal. Many studies have proved
that the utilization of municipal sludge as a resource is an
eﬀective approach to alleviate the pollution [18–20].
Because of similar mineral contents between solid
waste and non-renewable natural resource, the combination of solid waste utilization and ceramsite production has
been experimentally explored [21–23]. Fabricating ceramsite from solid wastes can not only improve solid wastes
management, but also conserve valuable natural resources.
The novel ceramsite can be used as water treatment materials, such as absorbents, recyclable bulking agents, catalyst support materials, or packing materials [24,25]. However, the comparative study on ceramsite produced from
solid wastes between the batch and ﬁxed-bed column in
the performance of organic pollutants removal from aqueous solutions has not been reported.
Wastewater from textile industry has been widely
acknowledged as a prime pollution source across the globe
[26,27]. It will cause serious environmental problems, such
as pollution of water resource, threat to the ecology environment, and even toxic to human beings [28,29]. Anionic
dye is one of the major dyes normally used in textile
industry, which is composed of anionic ions and sometimes
referred to as anionic dye. Acid red G (ARG) dye is an
example of anionic dye, with molecular formula
C18H15N3Na2O8S2 and molecular weight 509.42 g/mol. The
ARG dye wastewater is characterized mainly by high colority
and resistance to biodegradation [30]. Hence, the removal of
ARG dye from aqueous solutions is required.
Therefore, the removal eﬃciency (RE) of the novel
porous ceramsite for ARG dye from aqueous solutions in
batch and ﬁxed-bed column experiments was discussed in
this study. First, an orthogonal experimental design of ﬁve
factors and four levels was conducted, and then the optimal
condition of preparation was determined. Second, the
adsorption equilibrium, adsorption kinetics, and thermodynamics of ARG dye on as-prepared porous ceramsite in
batch experiments were investigated. Finally, the removal
of ARG dye from aqueous solutions by a ﬁxed-bed column
packed with porous ceramsite was performed.
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respectively. Chemical reagents, such as sodium metasilicate (Na2SiO3), calcium carbonate (CaCO3), hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium
chloride (NaCl), and polyvinyl alcohol (PVA)
(CH2CHOH)n, were provided by Sinopharm Chemical
Reagent Co., Ltd, China. Experiments were conducted
with the aid of distilled water. All the experiments were
carried out under atmospheric pressure.
ARG dye of analytical grade was supplied by the
Chinese company Sinopharm Chemical Reagent Co., Ltd.
Its chemical structure is shown in Figure 1. All the ARG
dye solutions used in this research were prepared by
weighing and dissolving the required amounts of ARG dye
in distilled water. Besides, the linear relationship between
the absorbance at 505 nm and the ARG dye concentration is
shown in Figure 1, which indicated that there is a good
linear relationship between them, with R2 = 0.9998.

2.2 Preparation
In our previous research, the high contents of SiO2, Al2O3,
Fe2O3, and CaO came from municipal sludge (7.5%, 2.3%,
6.9%, and 2.9%, respectively), coal ﬂy ash (56.8%, 25.7%,
7.0%, and 8.1%, respectively), and river sediment (52.5%,
17.6%, 5.1%, and 1.5%, respectively), which met the
material requirements for the preparation of porous
ceramsite by sintering method [31,32], and their optimal
mass ratio was 5:1:4 [24]. However, there are many complicated inﬂuence factors during the preparation process,
which may aﬀect the properties of porous ceramsite.
Therefore, an orthogonal experimental design of ﬁve factors, including PVA additive, preheating and sintering
temperature, as well as preheating and sintering time,

2 Materials and methods
2.1 Materials and reagents
Municipal sludge, coal ﬂy ash, and river sediment were
supplied by Shanghai Songjiang Sewage Treatment
Plant, Shanghai Waigaoqiao Power Generation Co., Ltd,
and Songjiang Campus of Donghua University, China,

Figure 1: The standard curve of ARG dye concentration (x) versus
absorbance (y) and its chemical structure.
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and four levels were conducted to optimize the process
parameters (Table 1). Meanwhile, the void fraction of
porous ceramsite was used as the evaluation index.
The Na2SiO3 and CaCO3 were added to the mixture
after weighted and both of their ﬁnal doses were 5% (per
100 g mixture), and they were placed in a glass beaker
containing 40 mL of PVA solution (per 100 g mixture) and
distilled water to obtain adequate plasticity. Subsequently,
the green bodies with a diameter of 10 mm were prepared
and dried at room temperature, as shown in Figure 2a1.
Then, sintering treatment was carried on a pipe furnace
(provided by SX2-6-13, Shanghai Yifeng Electric Furnace
Co., Ltd, China). Finally, the porous ceramsite was gained
after natural cooling, as shown in Figure 2a2.
Furthermore, after crushing and sieving, the porous ceramsite with a diameter of 0.5 ± 0.2 mm was obtained for the
better absorption of target pollutants in subsequent experiments [33]. Meanwhile, to enhance the adsorption capacity of
the porous ceramsite [34], they were placed into 1 mol/L NaCl
solution (1 g:10 mL), stirred 120 min (120 rpm) with a magnetic stirrer at 80°C, and dried at 80°C for about 8 h after
washing with deionized water for several times.

2.3 Batch experiment
Eﬀorts had been exerted in batch tests on selected reaction temperature ranging from 278–318 K. Two grams of
porous ceramsite were added to 100 mL of ARG dye solution, and the initial concentration was set as 5 mg/L and
initial pH as 3 in a glass beaker. Then the beaker was
stirred (150 rpm) with a magnetic stirrer at a given time
interval. Measurement for ARG dye concentration in the
ﬁltrate was completed in condition of the maximum
wavelength of 505 nm. The ARG dye uptake at equilibrium (qe) and the quantity adsorbed at time t (qt) are
calculated respectively as follows [35]:

qt =

(C0 − Ct ) V
,
m

(1)

qe =

(C0 − Ce) V
,
m

(2)

where C0, Ce, and Ct are the concentration of the ARG
dye solution at initial, equilibrium, and time t, respectively, mg/L; V is the volume of the solution, L; and m is
the weight of the porous ceramsite, g.

Table 1: Results of L16 (4)5 orthogonal experiments for the preparation of porous ceramsite
No.

PVA (%)

Preheating
temperature (°C)

Preheating
time (min)

Calcining
temperature (°C)

Calcining
time (min)

Void fraction (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
K1
K2
K3
K4
r

0.1
0.1
0.1
0.1
0.5
0.5
0.5
0.5
0.9
0.9
0.9
0.9
1.3
1.3
1.3
1.3
65.98
65.78
66.95
67.32
1.54

200
300
400
500
200
300
400
500
200
300
400
500
200
300
400
500
64.55
66.15
67.6
67.73
3.18

10
20
30
40
20
10
40
30
30
40
10
20
40
30
20
10
66.73
65.45
67.13
65.98
1.68

1,050
1,100
1,150
1,200
1,150
1,200
1,050
1,100
1,200
1,150
1,100
1,050
1,100
1,050
1,200
1,150
59.9
61.63
68.18
76.32
16.42

2
5
7
10
10
7
5
2
5
2
10
7
7
10
2
5
65.58
66.18
66.55
67.73
2.15

56.7
60.1
69.4
77.7
66.4
75.5
59.4
61.8
75.1
66.8
64.6
61.3
60.0
62.2
77
70.1

K is the value for each level of a parameter and is the average of four void fraction values; r is the range value for each factor and is the
diﬀerence between the maximal and minimal K values.
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Figure 2: Pictures (a1: green bodies, a2: porous ceramsites) and SEM images (b1: green bodies, b2: porous ceramsites) of samples.

2.4 Column experiment
Experimental site was chosen to be a neat cylindrical
glass tube for conducting tests on ﬁxed-bed column
(internal diameter, 14.0 cm; column height, 100.0 cm;
volume, 4.4 × 103 cm3), in which a piece of ﬁlter cloth
was placed respectively at the top and bottom of the
tube to avoid the penetration of packing, and a certain
amount of porous ceramsite was packed into the tube
(schematic diagram is shown in Figure 3). The ARG dye
wastewater with initial pH value of 3, initial concentration of 5 mg/L, and inlet ﬂow rate of 33 mL/min entered
the column via the base, and the column had an in-built
variant peristaltic pump. The top of the column was
designed to discharge eﬄux through a discharge pipe
connected to a collection tank. The starting time was
set to be the node at which the eﬄux was discharged.
The reaction temperatures were set at 5 ± 2°C, 25 ± 2°C,
and 45 ± 2°C, respectively.

2008). The measurement of scanning electron microscopy
(SEM) and X-ray diﬀraction (XRD) had been detailed in our
previous report [36].
Breakthrough curves (BTCs) indicate ARG dye’s loading
eﬀect onto the column and are expressed by the proportion
between eﬄuent ARG dye concentration and inﬂuent ARG
dye concentration (Ct/C0). In particular, the ratio is actually
computed as the time function. In a condition that Ct
approaches 5% approximately, with C0 being the breakthrough point (as Ct = 5% C0), then its time equates to the
time of breakthrough. Correspondingly, in a condition that
Ct approaches 90%, with C0 being the exhaustion point as
Ct = 90% C0, then its time equates to the time of saturation.
The ARG dye RE in ﬁxed-bed column packed with porous
ceramsite can be calculated with Eq. 3. The cumulative
retention curves (CRCs) show the total mass of ARG dye
adsorbed onto porous ceramsite (mg/g) as a function of
empty bed volumes of ﬂow passing through the column
and can be calculated with Eq. 4 [37].

RE =

2.5 Analysis
Measurement for the void fraction of porous ceramsite
adhered to the Standard Methods of Artiﬁcial Ceramsite
Filter Material for Water Treatment in China (CJ/T 299-

qi =

C0 − Ct
× 100%,
C0
v ∑ni = 1(C0 − Ci) Δti
m

,

(3)
(4)

where C0, Ct, and Ci are initial concentration, concentration at t time, and average eﬄuent concentration between
time ti and ti−1, mg/L; v is the ﬂow rate, L/min; m is the
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4
3
2

1

6

Figure 3: Schematic diagram of the ﬁxed-bed column system (1 – inﬂuent tank, 2 – peristaltic pump, 3 – ﬁlter cloth, 4 – porous ceramsites,
5 – ﬁxed-bed column, 6 – eﬄuent tank).

weight of porous ceramsite, g; and Δti is the time diﬀerence (ti − ti−1), min.
To evaluate if the empirical data conform to the data
estimated by the model, the root mean-square error
(RMSE) and chi-square examination (χ2) are calculated
with Eq. 5 and 6, respectively [38].

RMSE =

1
n−p
n

χ2 =

n

∑ (Xexp − Xcal)i2 ,

 (Xexp − Xcal)2 
,
Xcal
i


∑
i=1

(5)

i=1

(6)

where Xexp and Xcal are the experimental data and calculated data, respectively; n is the number of experimental
data points; and p is the number of the parameters within
model equations.

3 Results and discussion
3.1 Preparation and characterization
3.1.1 Orthogonal experiment
Table 1 shows that the investigated factors with diﬀerent
levels had evident inﬂuence on the value of void fraction of porous ceramsite. In detail, the void fraction was
very sensitive to sintering temperature, whereas it was

insensitive to PVA additive, as indicated by the value of
r. The range analysis indicated that the sintering temperature was the most important factor, followed by preheating temperature, sintering time, preheating time,
and PVA additive. Furthermore, Table 1 also indicates
that the optimal PVA additive was 0.1 wt%, ideal temperature and time for preheating should be set as 400°C
and 30 min, and those for sintering treatment should be
1,150°C and 7 min.
The sintering temperature was the primary determinant, mainly because pyrolysis reactions occurred under
high-temperature conditions (700–1,000°C) and a proper
amount of sintered gases were produced in the internal
ceramsite billet, as shown in Eq. 7–9. Sintered gases
are a requisite for sintering preparation of ceramsite. In
addition, under high-temperature conditions (>1,000°C),
crystal lattice was transformed, as shown in Eq. 10–12,
and a suitable viscous liquid phase appeared in ceramsite
billet surface. The suitable viscous liquid phase is also
another necessary condition for the sintering preparation
of ceramsite.

CaCO3 → CaO + CO2 ↑ ,

(7)

2CO2 → 2CO ↑ + O2 ↑ ,

(8)

3Fe 2 O3 + CO → 2Fe3 O4 + CO2 ↑

(9)

Al2 O3 + 3SiO2 → Al2 (SiO3 )3 ,

(10)

CaO + SiO2 → CaSiO3 ,

(11)

CaO + Al2 O3 → Ca (AlO2 )2 .

(12)

Removal of acid red G dye using ceramsite
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3.1.2 Characterization
Under the abovementioned optimal conditions of preparation (0.1 wt% PVA additive, preheating at 400°C for
30 min, and sintering at 1,150°C for 7 min), the porous
ceramsite was prepared from solid wastes, then it was
characterized by SEM and XRD, and the results are presented in Figures 2 and 4, respectively.
Figure 2 shows that the color and morphology of the
samples were signiﬁcantly diﬀerent. Figure 2a1 shows
that the colors of the samples were changed from grayish
yellow to brick red after sintering. Meanwhile, the surface
of the samples turned from rough to smooth and porous,
as shown in Figure 2a2. Furthermore, SEM images obviously
outlined that green bodies were on uneven surface and in
discrete framework, as shown in Figure 2b1. By contrast,
Figure 2b2 shows that the surface of the samples would
be progressively tightened after high-temperature sintering,
and where irregular forms were combined, with hollow patterns. The reasons are mainly because of the fact that
melting and blending took place between the components
of raw materials at high sintering temperature, resulting in
densiﬁcation [39].
As Figure 4 shows that there is large disparity in XRD
spectra between green body and porous ceramsite, which
reﬂect sintering temperature is extremely important in
the preparation process. Comparing the XRD spectra of
diﬀerent samples suggested that the peak intensity of the
samples was signiﬁcantly reduced, but the peak height
was ﬂat and the peak noise was obvious, as shown in
Figure 4b. In addition, as seen in Figure 4a, the mineralogical compositions in green body were relatively
single and mainly consisted of quartz and iron oxides,
whereas albite, anorthite, and labradorite could be
detected in porous ceramsite (Figure 4b).

3.2 Batch study
3.2.1 Adsorption equilibrium
Adsorption isotherms mean a lot in the treatment of wastewater. That is attributed to its capacity of studying how
the equilibrium adsorption capacity is correlated with the
equilibrium concentration at a certain reaction temperature. Besides, many equations, such as the ones proposed
by Langmuir and Freundlich, had gained application in
determining adsorption equilibrium. Thus, the values of qm,
KL, KF, 1/n, R2, RMSE, and χ2 were examined at 278, 298, and
318 K (Table 2). It was found that at diﬀerent reaction

Figure 4: XRD spectra of green body (a) and porous ceramsite (b).

temperatures, the adsorption equilibrium of ARG dye on
porous ceramsite is up to the Freundlich isotherm model,
with high R2 values (>0.997) and low values of RMSE and χ2,
indicating that the adsorption process is reversible, thus
resulting in higher adsorptive capacity, and the energy distribution is not uniform and multiple layers are commonly
formed [40]. Table 2 also displays that Langmuir isotherm
model can adequately describe the equilibrium of ARG dye
adsorption on porous ceramsite (R2 > 0.96 and χ2 < 0.019).
In case that reaction temperature increases to 318 K
from 298 K, the value of qm calculated with the Langmuir
model increased from 9.625 to 10.695 mg/g, whereas the
value of R2 decreased from 0.992 to 0.977, thus weakening
the linear relationship. The KL values obtained from this
experiment at all the tested reaction temperatures were
in the range of 1.19 × 10−2 to 1.47 × 10−2 L/mg, showing
that the adsorption of ARG dye on porous ceramsite
was favorable at all the tested reaction temperatures
[41]. In addition, the value of 1/n in the study was more
than 1, suggesting the adsorption process on porous ceramsite’s uneven surface and was a monolayer homogeneous
adsorption process.
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Table 2: Adsorption isotherm, kinetic, and thermodynamic parameters for ARG dye removal by porous ceramsite at diﬀerent reaction
temperatures
Properties

Model

Parameter

Reaction temperature
278 K

Isotherms

Langmuir

Ce
qe

=

1
qm KL

+

Ce
qm

Freundlich ln qe = ln KF +

Kinetics

1
n

ln Ce

Pseudo-ﬁrst-order ln(qe − qt ) = ln qe −

Pseudo-second-order

t
qt

=

1

+

K2 qe2

K1 t
2.303

t
qe

1

Intraparticle diﬀusion qt = Kp t 2 + C

Thermodynamics

KD =

V (C0 − Ce)
mCe

qm
KL × 10−2
R2
RMSE
χ2
KF
1/n
R2
RMSE
χ2
K1 × 10−3
qe
R2
RMSE
χ2
K2
qe
R2
Kp × 10−3
R2
RMSE
χ2
KD

ΔG0 = −RT ln KD

ΔG0

Δ G 0 = Δ H 0 − T × ΔS 0

ΔH0
ΔS0

8.511
1.19
0.962
1.03
1.9 × 10−2
2.42
2.2
0.999
0.68
0.914
8.06
4.104
0.959
0.147
1.7 × 10−3
0.131
0.177
0.932
6.2
0.984
0.018
9.0 × 10−4
3.589
−2.954

298 K
9.625
1.47
0.992
0.897
1.9 × 10−2
2.43
1.9
0.998
0.683
0.45
5.76
4.955
0.994
0.128
1.5 × 10−3
0.234
0.277
0.927
7.5
0.998
0.018
7.0 × 10−4
3.439
−3.06

318 K
10.695
1.37
0.977
0.796
1.6 × 10−2
2.41
1.8
0.997
0.636
0.276
6.91
4.436
0.993
0.153
2.2 × 10−3
0.184
0.349
0.918
9.6
0.999
0.026
6.0 × 10−4
3.248
−3.115

−1.844
4.0 × 10−3

C0 is the initial concentration of ARG dye in the inﬂuent, mg/L; Ce is the concentration of ARG dye at equilibrium, mg/L; qe is the amount of
adsorbed ARG dye per unit porous ceramsite mass, mg/g; qt is the amount of ARG dye adsorbed at time t, mg/g; qm is the maximum
monolayer adsorption capacity, mg/g; KL is the Langmuir equilibrium constant, L/mg; KF is the Freundlich equilibrium constant, mg/g; 1/n
is the heterogeneity factor; K1 is the rate constant of the pseudo-ﬁrst-order reaction kinetic, g/min mg; K2 is the rate constant of the
pseudo-second-order reaction kinetic, g/min mg; Kp is the rate constant of the intraparticle diﬀusion model, mg/g min1/2; C is the intercept;
R2 is the correlation coeﬃcient; KD is the solid–liquid partition coeﬃcient, mL/g; ΔG0 is the Gibbs free energy, kJ/mol; ΔH0 is the enthalpy,
kJ/mol; ΔS0 is the entropy, kJ/mol; R is the gas constant, 8.314 J/mol K; T is the Kelvin temperature, K; V is the volume of ARG dye solution,
L; m is the weight of porous ceramsite, g.

3.2.2 Adsorption kinetics
Adsorption kinetics modeling can provide insights into
both the rate of adsorption and the control of rate of the
adsorption process [42]. To evaluate the adsorption process of ARG dye from aqueous solutions using porous
ceramsite, several well-known adsorption models, such
as Lagergren pseudo-ﬁrst-order model, Ho’s pseudo-secondorder model, and intraparticle diﬀusion kinetic model, were
used for exploring the batch experimental data.
Table 2 shows that the qe values calculated according
to the pseudo-ﬁrst-order model was more in proximity to

the experimental value of qe than that computed by the
pseudo-second-order model at all reaction temperatures.
R2 of the pseudo-ﬁrst-order model was close to 0.96, which
was larger than that of pseudo-second-order model. Moreover, Table 2 indicates that the value of the pseudo-ﬁrstorder reaction kinetic rate constant (K1) was almost ten times
higher than the value of the pseudo-second-order reaction
kinetic rate constant (K2) within the investigated reaction
temperature range, manifesting the role of the physical
adsorption as part of the adsorption process, and that
some other mechanisms might also play an important role
in the adsorption process. Therefore, the pseudo-ﬁrst-order

Removal of acid red G dye using ceramsite

kinetics could be approximated well as a favorable model for
ARG dye adsorption onto porous ceramsite.
In the intraparticle diﬀusion model, the straight line
of the intraparticle region did not pass through the origin,
certiﬁcating that ARG dye adsorption on porous ceramsite involved two steps. ARG dye molecules in the solution were shifted to the exterior of porous ceramsite
during the ﬁrst procedure, known as ﬁlm diﬀusion,
thus attributing to diﬀusion at the boundary layer. In
the second step (known as intraparticle diﬀusion),
ARG dye molecules were passed through the abundant
voids of cross-linked porous ceramsite because of the
intraparticle diﬀusion eﬀects and gradual equilibrium
stage. It should be pointed out that the ﬁlm diﬀusion
and the intraparticle diﬀusion might occur simultaneously
[43,44].

3.2.3 Adsorption thermodynamics
Thermodynamic parameters, such as ΔG0, ΔH0, and ΔS0,
for the adsorption of ARG dye with porous ceramsite
were measured at 278, 298, and 318 K. As seen in Table
2, the ΔG0 values were less than 0.0 kJ/mol at all reaction
temperatures, indicating the spontaneity of ARG dye’s
adsorption on porous ceramsite. Furthermore, the ΔG0
varied between −20.0 and 0.0 kJ/mol, showing that the
removal of ARG dye was a physical adsorption process.
Besides, the value of ΔG0 decreased monotonically with
the increase in reaction temperature (Table 2), suggesting
that the energy required for ARG dye to bind to porous
ceramsite at low reaction temperature was less than that
at high reaction temperature.
Negativity of ΔH0 conﬁrmed that the adsorption process of ARG dye with porous ceramsite was an exothermic
reaction. In other words, much heat was released to
accelerate the adsorption process of the whole system.
Positive ΔS0 values indicated that the adsorption process
of ARG dye by porous ceramsite was an entropy increase
process. The increased randomness and aﬃnity in the
adsorption of ARG dye on porous ceramsite at the solid/
solution interface would be established.

3.3 Column study
The observation results of the adsorption process in the
dynamic systems better reﬂected the dynamic behaviors,
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involving breakthrough and saturation times, column
space, and length, in environmental applications, because
liquid ﬂow and complex mass transport are considered [45].

3.3.1 Eﬀect of initial pH
The eﬀect of initial pH on ARG dye removal from aqueous
solutions by a ﬁxed-bed column packed with porous ceramsite was evaluated at various initial pH values (3–11)
(Figure 5). With the increase in initial pH, breakthrough
and saturation times were right-skewed to ﬂatten the
proﬁle of BTC, as shown in Figure 5a. In a condition
that the initial pH changed from 3 to 11, the time of breakthrough was simultaneously prolonged from 510 to
720 min. Saturation time showed a similar tendency in
the whole investigated range. In short, a decrease in
the BTC slope was also observed, indicating an enlargement of the mass transfer region. The breakthrough and
saturation points occurred more lately under acidic conditions than under alkaline conditions.
Figure 5b shows that the RE of ARG dye was highly
aﬀected by the initial pH. The maximum RE occurred at
the lowest initial pH, implying that the acidic condition
promoted the removal of ARG dye from aqueous solutions
by the ﬁxed-bed column packed with porous ceramsite. It
might be interpreted as follows: after pretreatment with
NaCl solution, the hydrogen element in –OH was replaced
by Na+ ion on the surface of porous ceramsite, following a
cation exchange reaction occurred between ARG dye molecule and Na+ ion [32]. When the operating time was shorter
than 510 min, the value of RE always exceeded 90.2%.
However, it became much slower when the operating
time increased from 510 to 990 min. After operating for
990 min, the value of RE was a constant, indicating that
the adsorption equilibrium was reached.
Moreover, ARG dye removal from aqueous solutions
by the ﬁxed-bed column packed with porous ceramsite
was characterized by a symmetrical S-shaped CRC within
the investigated initial pH range. Figure 5c shows that the
value of CRC was 34.74 mg ARG dye per gram under acidic
conditions (initial pH was 3), which was 8.32% higher than
that under neutral conditions (initial pH was 7) and 28.7%
higher than that under alkaline conditions (initial pH was
11). The cumulative ARG dye captured by the ﬁxed-bed
column after exhaustion was roughly 3.61 times higher
than the maximal adsorption capacity of the Langmuir
obtained from the batch experiment.
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Figure 5: Eﬀect of initial pH on the removal of ARG dye from aqueous
solutions by ﬁxed-bed column packed with porous ceramsite.
Experimental conditions: reaction temperature was set at 25°C and
initial concentration at 5 mg/L. (a) BTCs, (b) RE, and (c) CRCs.

Figure 6: Eﬀect of reaction temperature on the removal of ARG dye
from aqueous solutions by ﬁxed-bed column packed with porous
ceramsite. Initial pH was set at 3.0 and initial concentration at 5 mg/L.
(a) BTCs, (b) RE, and (c) CRCs.

3.3.2 Eﬀect of reaction temperature
The reaction temperature is considered an important
design parameter of ﬁxed-bed column mainly because
of temperature-induced changes in the mass transfer of
packings [46]. Therefore, the eﬀect of reaction temperature on ARG dye removal from aqueous solutions by the
ﬁxed-bed column packed with porous ceramsite was

evaluated by BTCs, RE, and CRCs in this study. Figure 6a
shows that the BTC became gentler with the increase
in treatment time. In a condition that the reaction temperature increases from 5°C to 45°C, the corresponding
time of breakthrough was prolonged from 600 to 720 min.
A similar trend was also found in saturation time. This
is principally because of the increased mass transfer

Removal of acid red G dye using ceramsite

thickness layer around the porous ceramsite induced by
rising of reaction temperature [47].
Figure 6b shows that the value of RE exhibited a
downward trend in the investigated reaction temperature
range. When the operating time increased from 0 to
600 min, the value of RE decreased by only about 8%.
However, when the operating time increased from 600 to
1,140 min, the value of RE decreased rapidly. On the contrary, after operating for more than 1,140 min, the value
of RE became stable, suggesting that the saturation point
was reached. This may be attributed to the fact that with
the increase in the operating time, the saturation point of
packing was reached earlier, thus decreasing the treatment eﬃciency of ﬁxed-bed column.
Figure 6c shows the concurrent rise in CRCs of ARG
dye with growing high reaction temperature. Although
the increase in reaction temperature consolidated mass
transfer rate, the CRCs of ARG dye on porous ceramsite
increased slowly because all the surface of porous
ceramsite were not accessible to the dye molecules.

3.3.3 Kinetic analysis
A prediction model that describes and analyzes the labscale ﬁxed-bed column counts much to industrial application [48]. Therefore, to better investigate the removal
performance of ARG dye from aqueous solutions by
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porous ceramsite in a ﬁxed-bed column, the Thomas,
Yoon–Nelson (Y–N), and Adams–Bohart (A–B) models
were used to ﬁt the experimental data in Figures 5a and
6a, and the results are listed in Table 3.
Table 3 shows that both initial pH and reaction temperature aﬀected the values of KTH and KYN, but the eﬀect
of initial pH was a prime dominant. As the initial pH
value increased, KTH increased and qtotal decreased.
The reason for this trend may be that with the increase
in pH, acidic matters attached onto the adsorbent surface
progressively neutralized and negative charges of
adsorbents kept growing on the surface [49]. The qtotal
decreased as a function of initial pH value and increased
as a function of reaction temperature, which increased
from 45.95 to 55.48 mg/g with the reaction temperature
increasing from 5°C to 45°C. Besides, a slight diﬀerence
was observed between the predicted and experimental
data of qtotal, implying that the Thomas model could predict the breakthrough performance when initial pH or
reaction temperature changed, without requiring additional experiments.
Table 3 indicates that the values of RMSE and χ2
increased with the increase in initial pH, showing the
consistency between model predictions and test results.
With the increase in the reaction temperature, χ2 was ﬁrst
decreased and then increased. As shown by the research
results, the increase in τ led to the increase in reaction
temperature, whereas it decreased with the increase in

Table 3: Parameters estimated by the Thomas, Y–N, and A–B models in various experimental conditions
Model

Parameter

Thomas ln

(

Ct
C0 − Ct

Y–N ln

(

A–B ln

( )=K

Ct
C0 − Ct

Ct
C0

)=K

TH C0 t

)=K

YN t

AB C0 t

−

KTH qtotal m
v

− τKYN

− KAB N0

( )
Z
U0

KTH × 10−3
qtotal
RMSE
χ2
R2
KYN × 10−3
τ
RMSE
χ2
KAB × 10−3
N0
R2
RMSE
χ2

Initial pH

Reaction temperature

3

7

11

5°C

25°C

45°C

1.24
52.98
2.055
0.046
0.954
6.2
953
2.383
0.046
0.86
2,001
0.959
1.1888
0.018

1.44
47.34
2.572
0.105
0.968
7.2
861
2.51
0.105
0.98
1,797
0.937
1.749
0.03

1.5
38.68
2.592
0.177
0.979
7.5
703
2.594
0.177
0.92
1,585
0.944
1.848
0.035

1.34
45.95
2.675
0.121
0.979
6.7
835
2.604
0.114
0.88
1,821
0.942
1.798
0.033

1.24
52.91
2.051
0.046
0.956
6.2
958
2.384
0.046
0.84
2,001
0.956
1.188
0.018

1.32
55.48
2.581
0.09
0.985
6.6
1,009
2.521
0.083
0.94
2,018
0.967
1.763
0.032

C0 is the initial concentration of ARG dye in the inﬂuent, mg/L; Ct is the concentration of ARG dye in the eﬄuent at t min, mg/L; qtotal is the
maximum adsorption capacity, mg/g; KTH is the Thomas rate constant, mL/min/mg; v is the volumetric ﬂow rate, mL/min; KYN is the
Yoon–Nelson rate constant, min−1; τ is the time required for 50% packing breakthrough, min; KAB is the Adams–Bohart kinetic constant,
L/mg min; N0 is the saturation concentration, mg/L; Z is the bed depth of ﬁxed-bed column, cm; U0 is the ratio of the volumetric ﬂow rate to
the cross-section from the beginning to the end of breakthrough.
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initial pH, suggesting that increasing reaction temperature and reducing initial pH slowed down adsorption
saturation and prolonged breakthrough time. Interestingly, the value of N0 was proportional to the initial pH
value, but inversely proportional to reaction temperature,
determining that the removal performance of the ﬁxedbed column packed with porous ceramsite depended
heavily on internal mass transfer.
Taking together, the high value of R2 and low values
of RMSE and χ2 indicated that the Y–N model showed
better adsorption behavior of the ﬁxed-bed column
packed with porous ceramsite compared with Thomas
model or A–B model, providing a valuable design tool
for column adsorption.
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