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Abstract: In this work, the efficiency of an adsorption process, in which Moroccan diatomite (ND) is used as a low-cost
adsorbent to remove Congo red (CR) dye from contaminated waters in batch and column system, was examined. The
influence of experimental conditions (pH, adsorbent dose and temperature) on the adsorption of CR onto the ND
adsorbent was studied. A study of the adsorption kinetics for CR revealed that a pseudo-second-order model provided the
best fit to the experimental kinetic data, and the equilibrium data were well described by the Langmuir isotherm model
with an adsorption capacity of 6.07 mg/g using 15 g/L of ND, pH=6, contact time 3 h and 25 °C. On the other hand, the
ND regeneration tests were investigated and showed that the desorption reaches at least 50% when using ethanol as
eluent. In addition, the adsorption process in a continuous mode was studied. Breakthrough curves were properly
represented by the Yoon−Nelson model. Hence, the adsorption capacity of 5.71 mg/g was reached using 0.114 g of
adsorbent, CR concentration of 6 mg/L and a flow of 1 mL/min under 25 °C.
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1 Introduction

The scarcity of water resources and
degradation of their quality have become a major
environmental challenge all over the world and
Morocco is no exception [1−5]. In this regard and
with the aim of ensuring the preservation of water
resources, Morocco has turned towards non-
conventional water resources, in particular the
desalination of seawater, the reuse of purified

effluents (industrial and/or agricultural) and
rainwater collection. Therefore, considerable efforts
have been made in Morocco during the last decades
in the wastewater treatment sector [6−9].

Various physicochemical and biological
methods have been developed to remove dyes from
wastewaters, varying in process effectiveness,
operation and costs. On the basis of these
conditions, the adsorption process is the most
popular treatment method for the removal of dyes
from aqueous conditions due to its simplicity, ease
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of adsorbent recovery and low cost compared with
other treatment processes.

The long-standing use of activated carbon as
an adsorbent seems to be effective in the removal of
dye contaminants from wastewaters. However, it is
proved to be fraught with several problems such as
the high operating cost and difficulty of
regeneration for reuse, which limits the possibility
of using it [10]. Hence, finding alternative natural
adsorbents that are both inexpensive and effective
for industrial application is becoming increasingly
important. In this context, adsorption onto mineral
materials has gained the interest of many
researchers in recent years.

In a recent study, the Moroccan diatomite
adsorbent was used in the adsorption of organic
pollutants in aqueous solutions with a high
adsorption efficiency for methylene blue dye [11].
Indeed, the diatomite is considered a strong
candidate for use as an adsorbent to remove the
anionic dye from wastewaters due to its availability
and low cost.

Cationic dyes have been examined extensively,
but anionic dyes have received little attention,
which is why we have chosen the Congo red. It is
used in this study as a target organic pollutant and
representative of environmental relevance anionic
dyes. Congo red is an anionic azo dye used in
histology in many staining formulations, and as a
dye for textiles (wool and silk), paper, leather, wood
stain [12] and is generally resistant to
biodegradation due to its xenobiotic nature [13]
which poses serious and deleterious effects on the
environment, human health and aquatic life when
released untreated [14].

On the other hand, the adsorption process is
usually restricted to experiments in batch mode,
which is useful to elucidate adsorption capacities
parameters for dye removal although its lack of
applicability when scaling up is being considered
for real wastewater treatment systems [15−16].

For this purpose, research in a continuous flow
using a small-scale fixed-bed column is more
suitable for predicting the adsorption performance
of the investigated diatomite.

In this framework, the aim of the current work
is to evaluate the potential use of Moroccan natural
diatomite (ND) as a low-cost adsorbent for the
removal of a representative acidic dye (CR) from
aqueous solutions. Hence, the ND was tested in

batch and continuous modes. The effects of various
operational parameters (diatomite dose, initial dye
concentration, contact time, temperature and the
initial pH of the solution) were investigated.
Different adsorption isotherms and kinetic models
were used to assess the equilibrium data and to
provide a better understanding of adsorption process
characteristics and removal efficiencies. The degree
of adsorption capacity recovery after various cycles
of adsorption onto ND followed by desorption with
various desorbing agents was also assessed. Finally,
continuous removal of the CR was assessed from
experiments in an up-flow column.

2 Materials and methods

2.1 Materials
Natural diatomite (ND) was obtained from the

Nador area (Morocco). The material was used
without any previous activation. The ND samples
were firstly crushed, washed with distilled water
several times. After washing, it was dried at 110 °C
in an oven for 24 h and was finally ground into
powders (~60 μm). The resulting powders were
stored in hermetic glass bottles for future use.

The physico-chemical and morphological
properties of the ND have been studied in detail by
HADRI et al [11], where the key physical-chemical
properties of ND are reported in Table 1. Hence,
these characteristics may provide interactions
between the CR and the ND particles which could
enhance significantly the adsorption performance.

The Congo red (CR) was supplied by HiMedia
(HiMedia Laboratories, Mumbai, India). All of the
chemicals used in the study were purchased from
Sigma-Aldrich (Sigma-Aldrich Chimie S. A. R. L.,
Lyon, France) as reagent grade and were used
without further purification.

Table 1 Physical-chemical properties of ND

SBET
a

17.36

Vt
b

0.06

Vmeso
c

0.04

Vmicro
d

0.02

Dp
e

1.94

pHPZC
f

6.5

TASg

2.65

TBSh

0.43
a Specific surface area (m2·g−1); b Total pore volume (cm3·g−1);
c Mesoporous volume (cm3·g−1); d Microporous volume (cm3·g−1);
e Pore diameter (nm); f pH of the point of zero charge; g Total
acidic sites (mmol·g–1); h Total basic sites (mmol·g–1); i Total
sites (mmol·g–1).

TSi

3.08

w(SiO2)/%

72.8

w(Al2O3)/%

5.22

w(CaO)/%

5.86

w(Fe2O3)/%

1.94
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2.2 Batch adsorption−desorption
CR adsorption experiments were carried out

using the batch method. A mass of 20 mg of ND
was added in 20 mL solution of CR solution at pH=
6.6 (concentrations ranging from 0 to 1000 mg/L).
The mixture was stirred at 200 r/min at room
temperature until the equilibrium was established in
a water shaker bath. Then, the mixture was
centrifuged in order to analyze the residual
concentration of the CR using a UV-visible
spectrophotometer (UV2300II) at λmax=498 nm
(Figure 1). All the experiments were conducted in
triplicate to ensure the reproducibility of the
experience. The adsorbed amounts of CR per gram
of ND (mg/g) at equilibrium (qe) and at a different
time (qt) were calculated as follows:

qe,t =
(C i - Ce,t )V

m
(1)

The removal percentage (PR) values were
calculated using the following equation:

PR =
C i - Ce,t

C i

× 100% (2)

where Ci (mg/L) and Ce,t (mg/L) are the CR
concentrations at the beginning, at equilibrium and
specific time, respectively. m is the ND mass (g),
and V is the total volume of liquid (L).

The influence of operating conditions such as
pH, contact time, adsorbent mass, initial
concentration and temperature on the adsorption of
CR onto ND was studied in a batch system.

The effect of pH conditions on CR adsorption
was conducted by varying the pH of the CR solution
(50 mg/L) from 2.0 to 12 at 25 ° C. The initial pH
was adjusted by adding HCl (0.1 mol/L) or NaOH

(0.1 mol/L). The effect of the ND dose on the
adsorption of CR was achieved by mixing different
mass of ND with a fixed concentration of CR
solution (200 mg/L). To investigate the effect of
initial CR concentration, 0.1 g of ND was mixed
with 50 mL of CR solutions with concentrations
ranging between 0 to 500 mg/L at 25 °C without pH
adjustment. The effect of temperature on CR
adsorption was studied at three different
temperatures of 25 °C, 35 °C and 45 °C.

In order to investigate the regeneration of the
ND after adsorption, the batch experiments were
performed using the following eluting solvents,
HCl, NaOH, ethanol, HNO3 at different
concentrations (0−0.5 mol/L): First, a mass (1 g) of
ND was loaded with 100 mg/L of CR solution
without adjustment and the solution was stirred for
24 h until equilibrium was reached. Upon
equilibrium, the ND samples loaded by CR were
separated and washed with distilled water to remove
any unadsorbed dye; then, the CR-ND was dried at
80 °C for 12 h. The ND sample weighed and placed
in contact with the eluting solvent under the same
experimental conditions and the amount of desorbed
CR dye was quantified using UV-visible
spectrophotometry.

The desorption rate (D) was calculated as
follows:

D =
qdes

qads

× 100% (3)

where qdes is the amount of adsorbate removed and
qads is the amount initially adsorbed of CR on the
ND.

The regeneration of ND sample was studied
and five cycles of adsorption and desorption were
repeated.

2.3 Column adsorption
In order to assess the effectiveness of ND for

continuous mode CR dye adsorption, fixed-bed
column experiments were performed.

Adsorption experiments under continuous flow
were conducted in a fixed-bed column in Pyrex with
30 cm length and 1.2 cm internal diameter having a
volume of ~34 mL (Figure 2). The column was
packed with a mass of ND adsorbent and the
solution with a known concentration of CR was
pumped into the column in a down-flow mode with
a peristaltic pump at the desired flow rate (5 ml/L).

Figure 1 UV-visible spectrum of CR (CR concentration
4.6 mg/L)
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Glass wool was placed at the bottom to retain the
adsorbent as well as at the top of the adsorption
column to better distribute the solution onto the
medium surface. Small glass beads were used to
disperse the ND particles and avoid their
agglomeration.

Adsorption characteristics of CR onto ND
adsorbent in the fixed-bed column were studied by
varying the influent dye concentration (6, 32 and
50 mg/L of CR) and adsorbent mass (0.114, 0.228,
0.342, 0.456 and 0.684 g) with a flow rate of
5 mL/min. The experiments were carried out at
room temperature without any pH adjustment.

The treated samples were collected from the
bottom of the column at different intervals of
adsorption time and the concentration of CR (Ct) in
the effluent was measured using a UV-visible
spectrophotometer at 498 nm.

Breakthrough curves were obtained by plotting
Cout/Cin (mg/L) against t (min) where Cout is the
effluent dye concentration, Cin is the influent dye
concentration and t is the time. All of the
experiments were carried out at 25 °C.

3 Results and discussion

3.1 Adsorption kinetics
The equilibrium must be studied to determine

the time required to reach equilibrium and to
elucidate the mechanism of the adsorption process.

The adsorption rate of CR on the ND sample was
studied by measuring the amount adsorbed as a
function of time, for a constant volume (V=250 mL)
and constant initial concentration (C0=100 mg/L).
The ND dose used in the study is 3 g/L. Modeling
the results of adsorption kinetics is useful in
approaching the mechanism of adsorption of
pollutants on solid surfaces. In order to examine the
kinetic experimental data and to interpret the
adsorption behavior, pseudo-first order and pseudo-
second order kinetic models were applied and
analyzed based on the regression coefficient (R2).

The pseudo-first order is given by the
expression of Lagergren with the following
equation [17]:

qt = qe (1 - e-k1t ) (4)

While the equation corresponding to the
pseudo-second order [18] is expressed as follows:

qt =
k2q

2
e t

1 + k2qet
(5)

where t is the contact time (min); qe and qt are the
adsorbed amounts (mg/g) of CR onto ND adsorbent
at equilibrium and specific contact time of
adsorption, respectively; k1 (min−1) and k2

(g/(mg·min)) are the adsorption rate constant related
to pseudo-first and pseudo-second-order,
respectively.

Figure 3 illustrates the kinetics of CR
adsorption onto ND adsorbent. The results indicate
rapid initial adsorption of the solute within the first
few minutes (0−90 min) with a CR removal rate in
the order of 85% which could be attributed to the
availability of vacant sites easily accessible in the
first minutes, most likely on the external surface of
the adsorbent, followed by molecular diffusion of
the dye toward less accessible adsorption sites like
the interfoliar spaces of the clays, before reaching
the adsorption equilibrium [18− 19]. Therefore, the
adsorption capacity slowly increases over time, until
that equilibrium is reached after 90 min and it
remains almost stable after 180 min. Hence, the
decrease in the adsorption rate could be also
explained by the possible formation of monolayers
on the surface of the adsorbent [20].

Therefore, we retained 3 h as the time needed
to reach CR adsorption equilibrium.

In addition, the fitting of kinetic data to the

Figure 2 Schematic diagram for fixed-bed column:
(a) Collector; (b) Glass wool; (c) ND adsorbent;
(d) Column; (e) CR solution tank; (f) Control valve
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pseudo-first and pseudo-second-order models was
illustrated, where the goodness of models’ fitting to
the experimental data is based on the coefficient of
determination (R2) values. The parameters’ values
related to both models are summarized in Table 2,
indicating that the pseudo-second-order model
describes the experimental data better than pseudo-
first-order (R2=0.99), which suggests that the
chemisorption process behavior is favorable through
sharing or exchanging of electrons between CR and
ND [21−24].

The adsorption process is significantly
influenced by the pH of the solution. The pH of the
solution has direct effects on the functional groups
present on the surface of adsorbents.

Figure 4 presents the evolution of the adsorbed
amount of CR onto ND according to the initial pH
values. The effect of pH on the adsorption of CR
was investigated by varying the initial pH of the

solution from 2 to 12 at 25 °C. The initial solution
pH was adjusted by the addition of 0.1 mol/L HCl
or 0.1 mol/L NaOH. The amount of ND dose, initial
CR concentration and temperature were fixed at
3 g/L, 30 mg/L, and 25 °C, respectively.

The results obtained show that the pH strongly
affected the adsorption efficiency of CR onto the
ND, especially at pH<pHpzc (pHpzc=6.5) [11]. The
adsorption interactions between active surface sites
and CR molecules are obviously pH dependent.

The maximum removal rate of CR takes place
at acidic pH (pH=2) with the highest adsorbed
amount of 11 mg/g and decreases from 11 to 4 mg/g
with increasing pH from 2 to 6. This may be due to
the fact that at pH<pHpzc, ND surface hydroxyl
groups in their protonated form (X −OH+H+→X −
OH2

+ ) with (X=Si or Al) [25] enhance electrostatic
attractions forces with the sulfonate groups of the
CR dye. However, at pH>pHpzc, ND surface
becomes negatively charged (X−OH+OH–→X−O−+
H2O) [26−27], leading to a diminution in the
adsorption capacity toward ND. The repulsion
forces between the negative charges of ND surface
(X−O−) and CR molecules could be responsible for
such results [28].

3.2 Adsorbent dose effect
To determine the influence of the ND

adsorbent on CR adsorption, the ND dosage was
evaluated from 5 to 50 mg/L with a fixed
concentration of CR solution (100 mg/L), at room

Figure 3 Effect of contact time on the adsorption of CR
initial CR concentration: 25 mg/L; ND dose: 3 g/L;
temperature: 25 °C; agitation speed: 200 r/min)

Table 2 Parameters of kinetic models for adsorption of
CR onto ND mineral

Model

Kinetic model

Pseudo-first-order
model

Pseudo-second-order
model

Parameter

qexp/(mg·g−1)

qe/(mg·g−1)

k1/min−1

R2

qe/(mg·g−1)

k2/(g·mg−1·min−1)

R2

Value

5.91

5.42

0.01

0.91

6.59

0.01

0.99

Figure 4 Effect of pH on adsorption of CR onto
ND (initial CR concentration: 30 mg/L; diatomite dose:
3 g/L; contact time: 3 h; agitation speed: 200 r/min;
temperature: 25 °C)
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temperature for a pH 6. Figure 5 indicates that the
CR removal efficiency increases rapidly from 12%
to 92% as the adsorbent dosage increases. This
result can be attributed to the increase of the
adsorbent surface area and the high availability of
active adsorption sites [29]. The dye removal raised
rapidly with the adsorbent dosage increasing until it
reached 92% using ND dose of 40 g/L (0.8 g of
ND/0.02 L of dye solution), which can be explained
by the increase of the surface area and the number
of the active sites available on the adsorbent
surface. However, a further ND amount did not
show a significant change in dye removal because
of the susceptible aggregation of adsorption sites or
of the split in the concentration gradient that may
take place between the solute concentration in the
solution and the solute concentration in the surface
of the adsorbent [30 − 32]. It can be also observed
that under the conditions studied, the maximum
adsorption capacity of CR onto ND is reached (qe=
6.4 mg/g with 0.3 g of ND).

Hence, the optimal mass of the ND was fixed
at 15 g/L with a CR removal of 38% and an
adsorbed amount of 6.4 mg/g. This dosage will be
used for the next adsorption tests.

3.3 Equilibrium isotherms
The effect of initial concentration on dye

adsorption was studied at three temperatures (25 °C,
35 °C and 45 °C) using the same solid-liquid ratio
(15 g/L). The initial dye concentrations were varied

between 5 mg/L and 500 mg/L. The collected
samples were centrifuged for 10 min at a speed of
5000 r/min, then they were analyzed with a UV-
visible spectrophotometer. All experiments were
performed three times.
3.3.1 Langmuir and Freundlich models (25 °C)

The experimental adsorption data were
modeled by Langmuir and Freundlich models [33−
34]. The Langmuir adsorption isotherm is the most
used model for investigating and characterizing the
adsorbent-adsorbate affinity during the adsorption
of organic molecules in aqueous solution.

At a constant temperature, the adsorbed
quantity qe is related to (a) the maximum adsorption
capacity qm, (b) the equilibrium concentration Ce of
the solute and (c) the affinity constant KL by the
following relationship [35−36]:

qe =
qm KLCe

1 + KLCe

(6)

where qe (mg/g) is the adsorbed amount at
equilibrium; Ce is the equilibrium concentration of
CR dye (mg/L); KL (L/mg) is the Langmuir
equilibrium constant, which is related to the energy
of adsorption the affinity of binding sites;
qmax (mg/g) is the theoretical monolayer capacity.

Freundlich isotherm model is an empirical
equation widely used for the practical representation
of the adsorption equilibrium and that occurs on
heterogeneous surfaces. Freundlich model is
expressed as:

qe = KFC 1 n
e (7)

where KF is Freundlich constant related to the
adsorption capacity and n is the heterogeneity factor
related to the adsorption intensity.

The dimensionless constant of Langmuir
isotherm model (equilibrium parameter RL) for the
adsorption process of CR dye was calculated from
Eq. (8).

RL =
1

1 + KLC0

(8)

where KL and C0 are the Langmuir adsorption
constant (L/mg) and the initial dye concentration
(mg/L), respectively. All the calculated RL values are
higher than zero and lower than unity (0<RL<1),
which reflects a favorable adsorption of CR using
ND.

Figure 5 Effect of adsorbent dose on CR removal
(pH: 6; initial RC concentration: 100 mg/L; ND amount:
0.1−1.0 g; contact time: 3 h; agitation speed: 200 r/min;
temperature: 25 °C)
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Figure 6 represents the adsorption isotherm
of CR onto ND mineral at 25 °C. It presents a
straightforward relationship between the amount of
adsorbed CR per unit mass of ND (qe) versus
equilibrium concentration (Ce). Langmuir and
Freundlich adsorption isotherms are used to fit the
experimental data.

Table 3 summarizes the calculated parameters
for the Langmuir and Freundlich isotherms. It was
clearly observed that the adsorbed amount given by
Langmuir isotherm fitted well the experimental data
(R2=0.97); this was comparable to that obtained
from Freundlich isotherm (R2=0.94).

Due to the higher negative charge present on
the ND surface, the adsorbent exhibits a middle
affinity and adsorptive capacity for CR due to the
repulsion that appears between the ND and CR

molecules.
In order to show the advantages in the

application of ND as a natural mineral for the
removal of CR from contaminated waters, the
maximum adsorption capacities of CR onto ND
are compared with the previously reported data
with various low-cost adsorbents [24−26, 37−40]
(Table 4). As it can be noticed in the table, the
maximum adsorption capacity of CR onto ND is in
good agreement with those reported values in the
literature for cellulose fiber, cashew net shell,
activated carbon, coir pith, and kaolin. However,
they are lower than the values reported for cellulose
fiber, eucalyptus wood sawdust, cashew net shell,
activated carbon, coir pith, kaolin, cone pin and
sawdust. Such pieces of evidence support the
statement of the feasibility to employ ND as a
natural mineral adsorbent for CR removal from

Figure 6 Equilibrium data of CR adsorption onto ND
mineral: (a) Model fitting to different adsorption models;
(b) Separation factor (RL) (diatomite amount: 0.3 g;
contact time: 3 h, agitation speed: 200 r/min;
temperature: 25 °C)

Table 3 Langmuir and Freundlich parameters for CR
adsorption onto ND mineral

Model

Langmuir

Freundlich

Isotherm parameter

qm/(mg·g−1)

KL/(L·mg−1)

R2

KF/(mg·g−1)·(L·mg−1)

n

R2

Value

6.07

0.11

0.97

1.49

3.60

0.94

Table 4 The maximum adsorption capacities of different
adsorbents used for removal of CR

Adsorbent

Diatomite

Cellulose fiber

Eucalyptus wood sawdust

Cashew net shell

Activated carbon (LT)

Coir pith

Kaolin

Zeolite

Saw dust

Cambic chernozem soil
(Romanian)

Sandy loam, loam and
clay Greek soils

Com Cob

Maximum
desorption

capacity/(mg·g−1)

6.07

17.39

31.25

5.18

1.88

6.7

5.6

4.3

5.10

2.24

0.5−0.625

50

Reference

Present study

[37]

[38]

[24]

[25]

[26]

[39]

[39]

[40]

[41]

[42]

[43]
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aqueous solutions.
3.3.2 Effect of temperature

The temperature has a significant impact on the
adsorption process. In fact, the variation of
temperature can improve the diffusion of the
adsorbate molecules. In general, the modification of
temperature changes the equilibrium capacity of the
adsorbent [44].

The adsorption isotherms were obtained
at different initial concentrations ranging
between 25 ° C and 45 ° C. Results of the effect of
temperature on the adsorbed amount of CR onto the
ND adsorbent are illustrated in Figure 7. When
the temperature of the solution increased from 25 °C
to 45 °C, the adsorption capacity of ND decreased
slightly from 5.8 to 5.6 mg/g. These results could be
attributed to an increase in the solubility of dye
molecules with the rise in temperature, increasing
the intraparticle diffusion of CR molecules that
leads to higher access to active sites available for
dye adsorption.

3.4 Infrared spectroscopy in transmission mode
(FTIR)
The mechanism of the CR adsorption onto ND

adsorbent was studied by FTIR technique. FTIR
offers some indication about the ability of CR dye to
react with functional groups that spread over the
surface of ND adsorbent.

Figure 8 shows the FTIR spectra of the ND
before and after adsorption of the CR. These spectra
were examined for functional groups that

contributed to the adsorption process. As seen in
Figure 8, the peak at 3400 cm−1 is attributed to the
stretching vibration of —OH groups. The band at
796 cm−1 and 466 cm−1 can be attributed to the
stretching vibration of the Si—O group in ND and
the physically adsorbed water. Shifts or changes to
these peaks indicate interactions of the dyes with
silanol groups (Si—OH), and can be interpreted as
adsorption on neutral sites.

The band of the vibration of the silica group
comprising asymmetrical elongation of Si—O—Si
is registered at 1043 cm−1 [45].

The IR absorption band at 2374 cm−1

corresponds to the vibration of the CO2 elongation
mode [46]. In addition, the band around 1634 cm−1

could be associated with the mode of deformation of
the —OH group [47], while the peak at 1610 cm−1 is
due to the C—N elongation vibration of the
aromatic nucleus of the molecule CR [48].

After adsorption of CR onto ND, a shifting of
the clear peak at 796 cm−1 (O—H vibration) is
observed to 786 cm−1. Similar effects can be
observed for the main Si—OH vibration at
3400 cm−1. In addition, the new bands have
appeared after adsorption of the CR at 1631 and
1220 cm−1, which are associated with the stretching
vibration of the benzene ring [49], suggesting that
the adsorption process of CR onto the ND surface
was successfully conducted.

3.5 Regeneration
3.5.1 Desorption and ND regeneration

The regeneration of ND adsorbent is an
important step in order to check the economic

Figure 8 FTIR spectra of ND before and after adsorption
of CR

Figure 7 CR adsorption isotherms of ND at different
temperatures (diatomite amount: 0.3 g; contact time: 3 h;
agitation speed: 200 r/min; temperature: 25 °C−45°C)
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feasibility of the adsorption process.
The evaluation of desorption was carried out at

a temperature of 25 °C, without adjustment and the
solution was stirred for 24 h until equilibrium was
reached. The concentrations were measured after the
desorption step and analyzed by a UV-visible
spectrophotometer.

Figure 9 reveals the effects of various chemical
products as eluents on desorption efficiency.

A very low desorption (~2% or less) was
obtained with HCl and NaOH. On the other hand,
the desorption step using 0.3 mol/L ethanol was
optimum (56%) followed by 0.4 mol/L HNO3

(10%). The low desorption of CR using HCl and
NaOH eluent indicates the formation of chemical
bonds between CR and the surface of the ND
adsorbent (CR-ND) with the high adsorption heat or
the formation of the complexes between the active
sites of the ND and the functional groups of CR
[50]. The elution efficiency was further investigated
at various ethanol concentrations.
3.5.2 Regeneration cycle process

The adsorption/desorption cycles were
repeated five times continuously under the same
operating conditions as used during the desorption
step. The duration of a single adsorption/desorption
cycle was 24 h and Figure 10 shows the
corresponding cycles of ND encumbered with CR
using 0.3 mol/L ethanol.

Regeneration of the ND adsorbent is possible
by desorption in 0.3 mol/L ethanol, where the
amounts of these eluents can be minimized by at

least 50%. The regenerated material can be reused at

least twice. As a result, this recycling improves the

economic profitability of the natural adsorbent [51].

3.6 Fixed-bed adsorption

Breakthrough curves for CR adsorption onto

the ND adsorbent in continuous flow mode are

presented in Figures 11 and 12.

The overall performance of an adsorption

column is related to the different parameters as time

of breakthrough tb corresponding to a relative CR

concentration Cout/Cin of 0.05, exhaustion time tsat,

adsorption capacity and the removal efficiency.

The adsorption capacity (qads) was calculated by

the equation:

Figure 9 Effect of washing media on the regeneration of
ND after adsorption of CR

Figure 10 Adsorption/desorption cycles of ND
encumbered with CR in a medium of 0.3 mol/L ethanol

Figure 11 Breakthrough curves at different
concentrations of CR dye (Flow rate 1 mL/min, m=0.24 g
(bed height=1.1 cm), T=25 °C, without adjustment of pH)

2092



J. Cent. South Univ. (2022) 29: 2084－2098

qads =
F in

m

é

ë

ê
êê
ê(C in ⋅ ta ) -

∑(Couti + 1
+ Cout i ) ( t

i + 1
- t

i
)

2

ù

û

ú
úú
ú

(9)

where qads (mg/g) is the adsorbed amount of CR per
gram ND; Fin (mL/min) is the volumetric flow rate
of the solution; Cin (mg/L) is the inlet concentration
of CR; Couti+1 is the outlet concentration at the (i+1)th
reading (mg/L); Couti is the outlet concentration at
the ith reading (mg/L); ta is the saturation time; ti+1 is
the adsorption time at the (i+1)th reading (min); ti is
the adsorption time at the ith reading (min); m (g) is
the amount of ND adsorbent.

The effect of influent concentration of CR on
the evolution of the ratio Cout/Cin of CR at the inlet
and outlet of the column on ND adsorbent as a
function of time is shown in Figure 11 and the
obtained parameters are summarized in Table 5.

All the breakthrough curves presented the same
profile (S-sharpe) characterized by three stages. In
the first stage, CR is totally adsorbed. This is mainly
due to the filling of the most available porosity
where the diffusion rate is fast. In the second stage,

the CR concentration gradually reaches the
breakthrough point, while the outlet CR
concentration increases with the adsorption time,
exhibits an S-shaped curve and then attains a
plateau corresponding to the adsorption equilibrium.

It is noticed that the breakthrough times at
Cout/Cin=0.05 (noted tb) decreased with the increase
in inlet dye concentration (Cin), indicating an early
saturation of the ND adsorbent at high concentration
levels. It was reached at 230, 50 and 9 min at CR
concentrations 6, 32 and 50 mg/L, respectively. At
lower influent dye concentrations, flat breakthrough
curves were obtained and a breakthrough occurred
slower, which means a longer mass transfer zone
and lower adsorption rate.

The increase of the CR dye concentration is
accompanied by an increase of the total adsorbed
amounts (5.10, 6.49 and 6.79 mg/g for 6, 32 and
50 mg/L, respectively). This may be attributed to
the improvement in the dye diffusion to the most
difficult sites and greater accessibility to the porous
surface of the solid.

On the other hand, the model developed by
YOON and NELSON [52], was applied to
investigate the breakthrough curves behavior of CR
on ND adsorbent, according to the following
equation:

Cout

C in

=
1

1 + exp[ ]k' ( )τ - t
(10)

where Cin and Cout are the inlet and outlet
concentrations of CR, respectively; τ is the time for
Cout/Cin=0.5); k′ is a constant that depends on the
diffusion characteristics of the mass transfer zone.

The Yoon−Nelson model is based on the
assumption that the rate of decrease in the
probability of adsorption for each adsorbate
molecule is proportional to the probability of
adsorbate adsorption and the probability of
adsorbate breakthrough on the adsorbent. The Yoon−
Nelson model not only is less complicated, but also
requires no detailed data concerning the
characteristics of adsorbate, the type of adsorbent,
and the physical properties of the adsorption column
[53−55].

Experiments were conducted to investigate the
effect of ND mass on the adsorption capacity of the
ND adsorbent. The breakthrough curves obtained
for CR adsorption, at different adsorbent masses of
0.114 g (0.5 cm), 0.228 g (1 cm), 0.342 g (1.5 cm),

Figure 12 Breakthrough curves at different bed heights
(Fin=1 mL/min, Cin=6 mg/L, T=25 °C, without adjustment
of pH)

Table 5 tb and qads values at different CR concentrations
(Cout/Cin=0.05, Cout/Cin=0.5 and Cout/Cin=1)

Cin/
(mg·L−1)

6

32

50

tb/min

230

50

9

t(Cout/Cin=0.5)/
min

300

120

30

tsat/min

420

250

120

qads/
(mg·g−1)

5.10

6.49

6.79
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0.456 g (2 cm) and 0.648 g (3 cm) at a constant flow
rate of 1 mL/min and influent CR concentration of
6 mg/L are shown in Figure 12 and the related
parameters are reported in Table 6. The results
indicate that by increasing the bed height from 0.5
to 3 cm, the CR adsorption capacity of ND
increased from 5.71 to 6.08 mg/g.

Considering Cout/Cin=0.05, the breakthrough
time was 5, 120, 360, 1020 and 1320 min at ND
adsorbent masses of 0.114, 0.228, 0.342, 0.456 and
0.648 g, respectively. The saturation time is attained
more slowly as adsorbent mass is increased. As the
mass increased, CR dye molecules have more time
to contact with ND adsorbent, promoting a more
efficient removal. The breakthrough curve becomes
flatter with the increase in adsorbent mass as a
result of the wider solution movement zone. It was
found that higher adsorbent mass results in an
increase in the adsorption capacity due to a rise in
the surface area of the adsorbent which enhances the
availability of adsorption sites.

3.7 Proposed mechanism for CR adsorption onto
ND
The results of ND characterization obtained by

SEM and BET analysis [11] showed that it has a
mesoporous structure with irregular and different
sizes and shapes. Due to these textural properties, it
could be suggested that the adsorption of CR is
made not only through the external surface of ND
particles, but also through the internal surface of the
pores’ walls as illustrated in the proposed
mechanism of CR adsorption onto ND (Figure 13),
offering, therefore, more surface area for chemical
reactions and electrostatic interactions between CR
molecules and functional groups of ND.

The diatomite surface contains silanol groups
that spread over the matrix of the silica. The silanol
group is a very active group, which can react with
the anionic Congo red and various functional
groups. There is an electrostatic (columbic)
attraction between CR and the positive charge on
the surface of diatomite especially. The analysis of
ND indicated that the number of total acidic sites is
higher than the basic ones.

The mechanism scheme was suggested
according to the textural characteristics and to
similar studies [56−60].

4 Conclusions

This work shows the interest of local diatomite
mineral as an adsorbent in environmental
technology for the treatment of dyes from aqueous

Table 6 tb and qads values at different bed heights (Cout/Cin=
0.05, Cout/Cin=0.5 and Cout/Cin=1)

Bed height/cm

0.5

1

1.5

2

3

tb/min

5

120

360

1020

1320

t(Cout/Cin=0.5)/min

30

390

1104

1668

1800

tsat/min

240

840

2040

2520

2640

qads/(mg·g−1)

5.71

6.02

6.1

6.06

6.08

Figure 13 Proposed mechanism of CR adsorption on diatomite surface and possible orientations of CR on the diatomite
surface
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solutions. The diatomite is abundant and it is really
an efficient and economic natural adsorbent of
pollutants of dyes compounds.

The adsorptive performances in terms of
adsorption and desorption of CR were studied by
discontinuous and continuous methods.

Various parameters affecting the adsorption
process, including adsorbent dose, solution pH,
contact time, initial concentration, and temperature
were investigated to evaluate the adsorption of CR
onto ND. The results indicate that the adsorption
capacity of diatomite is favored in an acidic
medium, which leads to the maximum value at
pH 2. The electrostatic conditions are thus favorable
to the establishment of strong electrostatic
attractions between the adsorbate and the adsorbent.
The mass effect was significant, and the adsorbed
amount increases with the rate of the solid in
accordance with the increased availability of active
sites.

The kinetic study showed very rapid adsorption
and the reaction kinetics have been correlated with
the pseudo-second order model.

The monolayer maximum adsorption capacities
were found to be 6.07 mg/g for CR onto ND using
15 g/L of ND, pH=6, contact time 3 h. The isotherm
study demonstrated that the Langmuir isotherm
model gives the best representation of CR dye
adsorption equilibrium.

The effectiveness of the different eluent
families was evaluated with respect to the
desorption of dyes. At least 50% desorption in the
case of ethanol/(ND-RC) was achieved. Knowing
the optimal concentrations made it possible to tackle
the regeneration tests. The conditions adopted
showed that the regeneration of the diatomite is
indeed possible. The increase in the concentration of
dyes and the mass of the ND adsorbent is
accompanied by a variation in the values of the total
adsorbed amounts. This shows that the process of
adsorption of dyes onto diatomite in continuous
flow system is related to column height and dye
concentration.

Hence, the use of the diatomite as a natural
adsorbent in the treatment of industrial effluents
seems to be very promising. Nevertheless, we
suggest that additional research should be conducted
to carry out studies of elaboration of a diatomite-
based composite and to elucidate the effect of

chemicals and heat treatments of diatomite on their
adsorption rate. This work is currently in progress.
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天然硅藻土矿物的高值化利用：

在批式和固定床反应器中去除水溶液中的阴离子染料

摘要摘要：：以摩洛哥硅藻土(ND)为低成本吸附剂，采用批式和柱式吸附法对污染水体中刚果红(CR)染料的

去除效率进行研究。考察了实验条件(pH、吸附剂剂量和温度)对ND吸附CR的影响。实验结果表明，

在15 g/L ND、pH=6、接触时间为3 h、温度为25 °C的条件下，CR的吸附量为6.07 mg/g，拟二级吸附

模型与实验动力学数据吻合较好，Langmuir等温线模型能较好地描述吸附平衡数据。再生实验结果表

明，当以乙醇为洗脱剂时，ND的解吸率达到50%。此外，还研究了连续模式下的吸附过程。用Yoon−
Nelson模型可以很好地解释穿透曲线。在25 °C条件下，当吸附剂用量为0.114 g，CR浓度为6 mg/L，

流量为1 mL/min时，吸附量可达5.71 mg/g。

关键词关键词：：刚果红；吸附；硅藻土；固定床柱；动力学模型
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