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a b s t r a c t
In this study, zeolitic imidazolate framework (ZIF-11) type was synthesized by stirring method 
and used for the removal of Bromocresol Green (BCG) from aqueous solutions. For this purpose, 
the ZIF-11 particles were analysed by X-ray diffraction, scanning electron microscope, Fourier-
transform infrared spectroscopy, thermogravimetric analysis, and differential scanning calorimetry. 
In batch experiments, the effective BCG adsorption parameters onto ZIF-11 particles were exam-
ined. Based on the characterization results, the synthesized ZIF-11 showed a highly porous, irreg-
ular, and inhomogeneous shapes and crystals with varying sizes as well as high thermal stability. 
The adsorption results indicated that the highest BCG removal (89%) was obtained when the solu-
tion pH, the stirring speed, the contact time, and the temperature were adjusted to 6.8, 400 rpm, 
30 min, and 298 K, respectively. The adsorption data fitted well to Langmuir and Temkin mod-
els with maximum adsorption capacity of 150 mg/g. The adsorption kinetics was compatible with 
the pseudo-second-order and the intraparticle diffusion models. Indeed, BCG molecules instanta-
neously adsorbed on the external surface of ZIF-11 particles and gradually diffused within theirs 
pores. The negative value of free energy change and positive values of enthalpy and entropy changes 
showed the feasibility, randomness, and endothermicity of the BCG adsorption process, which was 
found to be physicochemical based. 
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1. Introduction

Wastewater, mainly discharged from the textile, tannery, 
printing, and food industries contain dyes, which are the 
source of severe pollution because of their non-biodegrad-
ability. The widely used basic, acid, reactive, and disperse 
dyes affect the nature of water by reducing photosynthetic 
reactions. Moreover, some dyes are toxic and even carcino-
genic [1]. These contaminants have to be removed from the 
industrial effluents, which are currently considered as one 
of the main environmental concerns. It has been reported 

that the frequently used techniques for the treatment of 
wastewater included adsorption, coagulation–flocculation, 
and oxidation–ozonation [2–4]. Most commonly, the 
adsorption process is the cost-effective operation and is 
widely employed for the removal of different pollutant 
substances: arsenic, chromium, and dyes [5–7].

As one of the most common dyes, Bromocresol Green 
(BCG) is widely used as raw material in a sol–gel matrix, 
textile, dental materials, leather, paper, printing, detergents, 
and plastic [8]. However, it is a part of dye found as a pol-
lutant in the environment affecting aqua life, human health 
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through consumption of water and food. BCG: (2,6-dibro-
mo-4-[7-(3,5-dibromo-4-hydroxy-2-methyl-phenyl)-9,9-
dioxo-8-oxa 96 thiabicyclo [4.3.0]nona-1,3,5-trien-7-yl]-3-
methyl-phenol) (Fig. 1a) is a triphenylmethane generally 
used as a pH indicator, DNA tracer, depends on pH value 
and has a different color [9,10]. In an aqueous solution, BCG 
dissociates to monoanionic form (pKa of 4.8) and gets yel-
low color and at higher pH, it changes to dianionic form 
and gets blue color [10]. As a result, at low solution pH 
the positively charged adsorbent surface attract BCG mol-
ecules and repel them at high pH. This was observed for 
the removal of BCG from water by means of solvent sub-
lation [11] or by adsorption onto different adsorbents as 
activated carbon [9,12], chitosan polymethacrylate com-
posites [13], electrospun scaffolds [14], and Ziziphus num-
mularia [10]. However, efficient adsorption depends more 
on the adsorbent capacity than on operating conditions for 
which the solution’s pH value is important. In that respect, 
zeolitic imidazolate frameworks (ZIFs) as well as metal 
organic frameworks, which are highly porous materials 
with high chemical and thermal stability, are useful in the 
adsorption of organic dye molecules because of their mod-
ifiable porous structures [15–19]. Mainly, ZIF-67 and ZIF-8 
were used to conduct efficient removal of several hazard-
ous pollutants such as Cr(VI) [20], phenol [21], anionic 
organic dyes [22–25], in which the main adsorption mecha-
nism included electrostatic interactions, ion exchange, and 
π–π interactions. However, it was reported that the small 
aperture size of some ZIFs limits the diffusion of dye mol-
ecules into their internal porous structure, while on the 
external surface, many active adsorption sites allow dye 
molecules to be attracted to specific functional groups [26]. 

In this paper, the feasibility of ZIF-11 (Fig. 1b) as adsor-
bent was investigated for the removal of BCG from aqueous 
solutions. To this purpose, ZIF-11 particles were synthe-
sized by stirring method and characterized by different 
known experimental techniques. For BCG batch adsorp-
tion onto ZIF-11, the operational parameters, isotherms, 
kinetics, and thermodynamic parameters were assessed. 

2. Materials and methods

2.1. Instruments

During experiments, the BCG concentration was 
evaluated at 412 nm (using UV-Visible spectrophotometer 
model PG INSTRUMENTS T60) based on respective linear 

calibration curve over desired understudy concentration 
range. The pH of sample solution was adjusted by addition 
of HCl or NaOH using a pH meter model-8603 Seven Easy, 
METTLER TOLEDO, Switzerland.

2.2. Chemicals

Zinc acetate dihydrate (ZnAc, Zn(CH3)2·2H2O, 
>99.99%, E. MERCK, Germany), benzimidazole (bIM) 
(C7H6N2, 98%), and methanol (CH3OH, 99.8%) were pur-
chased from Sigma–Aldrich (India). Ammonium hydrox-
ide (NH3, 25% aqueous solution) was purchased from 
BIOCHEM Chemopharma, and toluene (C6H5CH3, 98.8%) 
was purchased from Panreac.  NaOH and HCl were pur-
chased from Sigma–Aldrich (India). BCG was purchased 
from National Pharmaceutical Group Chemical Reagent 
Co., Ltd. (China) and used without further purification. 
Deionized water (DI) with a conductivity of 6 × 10–2 μS/
cm was used in the preparation of all samples and stan-
dards. The chemicals were of analytical grade and were 
used as received without further purification.

2.3. Preparation of the adsorbents

ZIF-11 crystal was synthesized in a purely aqueous 
system by the stirring method as reported in the literature 
[27–29]. Synthesis was performed at room temperature 
(20°C ± 2°C), with gentle stirring (200 rpm) in a vial (100 mL) 
for 2 h. A 2.506 mmol of zinc acetate dihydrate was dis-
solved in 524.344 mmol of methanol and 141.089 mmol of 
toluene. The two solutions were stirred until the total dis-
solution of the solutes (bIM and ZnAc), and were mixed 
under stirring.  The resulting of ZIF-11 (precipitation of a 
white solid) was collected by centrifugation, washed with 
methanol and dried in oven at 120°C overnight to evaporate 
the trapped toluene and methanol (yield: 0.1422 g, 89.70%).

2.4. Experimental procedure

Adsorption experiments were carried out in batches. 
For that purpose, known amounts of ZIF-11 were added 
to the accurately prepared BCG solutions. The mixtures 
were placed in a stirring incubator (IKA® RCT basic safety 
control) until the adsorption equilibrium was achieved. By 
filtration through a 0.45 μm membrane, the charged par-
ticles of ZIF-11 were separated from the BCG solutions, 
whose concentrations were measured by UV-Visible spec-
trophotometer. The acquired values were used for the 
determination of the adsorption parameters.

The amount of adsorbed BCG at equilibrium Qe (mg/g) 
shortly referred as adsorption amount or adsorption 
capacity was determined by the following equation:

Q
C C
m

Ve
e=

−( )0  (1)

where C0 and Ce (mg/L) are the initial and equilibrium BCG 
concentrations, V (L) is the volume of the solution, and m (g) 
is the mass of the adsorbent (ZIF-11).

The BCG removal efficiency RE is a measure of the 
adsorption performance. It can be calculated as follows:

  

(a) (b)

Fig. 1. (a) Bromocresol Green structure. (b) Schemes for the 
crystal structure of ZIF-11. Both sided arrows indicate the pore 
diameter and aperture [29].
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2.5. Validity of adsorption isotherm and kinetic models

Usually, in the adsorption equilibrium studies, iso-
therm and kinetic models are fitted to experimental data 
in order to predict the mechanisms of various adsorption 
systems. The models are mainly non-linear; however, they 
can be linearized for ease of use and exploitation. For opti-
mum adsorption data analysis the best fitting models are 
required. This requires the use of either linear regression or 
non-linear regression analysis using error functions, of which 
the statistics are described below.

The sum of squared errors (SSE) is the measure of the 
variance of the measured data from the true mean of the 
data. The least square technique for estimating regression 
coefficients minimizes this statistic. Eq. (3) gives SSE values:

SSE cal= −( )



=
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The root mean square error (RMSE) is a standard way 
to measure the error (deviation) of a model in predicting 
quantitative data. A smaller RMSE means that the model 
fits the data well. Formally, it is defined as follows:
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Hybrid fractional error function (HYBRID) (Eq. (5)) is 
an error function developed to improve the adjustment of 
the SSE at low concentrations divided by the experimen-
tal value of the adsorbed BCG and includes the degrees 
of freedom of the system (adsorbate/adsorbent). 
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The chi-square statistic (χ2), which is used as a criterion 
for the quality of fitting, is given by Eq. (6):

χ2
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The coefficient of determination represents the vari-
ance about the mean; it is used to analyze the fitting 
degrees of isotherm and kinetic models with experimental 
data. The coefficient of determination R2 is defined by the 
following equation:
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In these equations, Qe,exp indicates the experimental 
(measured) values of the amount of adsorbed BCG at equi-
librium and Qe ,exp  is its average value, whereas Qe,cal is its 
calculated value, which is obtained from the fitted isotherm 
model. N is the number of tests and p is the number of 
parameters in the isotherm equation.

2.6. Characterization techniques

2.6.1. X-ray diffraction

The crystallographic structure of ZIF-11 synthesized 
was analyzed using a PANalytical X-Pert Pro, Empyrean Cu 
LFF HR (9430 033 7310x) DK417340 with CuKα radiation 
at a scan rate of 2θ = 0.001 from 4.99 to 90 and λ = 1.54 Å. 
The accelerating voltage and applied current were 45 kV 
and 40 mA, respectively.

2.6.2. Scanning electron microscope

The prepared ZIF-11 microstructure was observed 
using scanning electron microscope (SEM; QUANTA 650). 
The material was deposited on an adhesive and conductive 
observation medium, and then was metalized with argon 
plasma. The observation was carried out under vacuum at 
an accelerating voltage of 5 kV.

2.6.3. Fourier-transform infrared spectroscopy

The Fourier-transform infrared (FTIR) spectrophotome-
ter was used to identify the characteristic functional groups 
in the adsorption onto ZIF-11. For that, 5 mg of ZIF-11 was 
mixed and pressed under a high pressure (4,500 psi) with 
dry spectroscopic KBr to form thin disc. Then, the IR spec-
trum was plotted with a Nicolet™ iS™ 10 spectrometer 
between 400 and 4,000 cm–1.

2.6.4. Thermogravimetric analysis and differential 
scanning calorimetry 

The thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC) of the ZIF-11 particles were 
carried out in a N2 atmosphere at a scan speed of 10 K/min 
from 50°C to 700°C on a NETZSCH STA 409PC/PG. 

3. Results and discussion 

3.1. Characterization of ZIF-11 synthesized

3.1.1. X-ray diffraction

The powder X-ray diffraction (XRD) patterns for the 
ZIF-11 samples synthesized by stirring method before 
adsorption (a), after BCG adsorption at 25°C (b), and sim-
ulated ZIF-11 (c) [13] are shown in Fig. 2. In Fig. 2c, the 
diffraction peaks at 2θ = 3.07°, 4.34°, 6.14°, 7.52°, 8.69°, 
12.30°, 13.76°, 15.70°, 17.42°, and 18.50° correspond to the 
planes (100), (110), (200), (211), (220), (400), (420), (510), 
(440), and (600), respectively [19]. Compared to the sim-
ulated ZIF-11, the synthesized samples showed overall 
similarity in XRD peaks but also displayed a slight peak 
shift towards high two-theta angles at 2θ = 6.21° and 
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7.62° corresponding to the planes (200) and (211), respec-
tively. This may be indicative of the decrease in interpla-
nar spacing, due to framework flexibility, a typical feature 
of several microporous crystals, including ZIFs [24,25]. 

Furthermore, the intensity of the main peaks correspond-
ing to the (200) and (211) planes, was higher for the 
synthesised samples. This suggests a higher degree of crys-
tallinity with local structural disorder due to variable and 
irregular shapes of the synthesized samples compared to 
the simulated pattern. It can also be noticed that there was 
no shift in the peak in the XRD result of the synthesized 
samples before and after adsorption (Figs. 2a and b).

3.1.2. Scanning electron microscope analysis 
of ZIF-11 particle

The surface morphology of ZIF-11 particles as illus-
trated in Fig. 3 was assimilated by SEM. It was clear that 
the ZIF-11 exhibited a highly porous, irregular, and inho-
mogeneous shapes and variable size. From the results 
obtained, it is concluded that ZIF-11 can successfully be 
synthesized by stirring method using anhydrous zinc chlo-
ride and bIM in a binary solvent mixture (methanol and 
toluene) at room temperature (≈25°C).

3.1.3. Fourier-transform infrared spectroscopy

To ascertain the main functional groups of the syn-
thesised samples of ZIF-11, FTIR spectrum was utilized. 
As shown in Fig. 4, all frequencies associated with the bonds 
contained within the bIM ring were available. Weak peaks 
at 3,088 and 3,032 cm−1 indicated stretching vibrations of 
=C–H, while more intense peaks at 1,606 and 1,547 cm−1 were 
attributed to C=C stretching. The C–C stretching occurred 
at 1,465 cm−1 and bonds at 1,281 and 1,243 cm–1. The bands 
occurring at around 530–400 cm−1 were fingerprints of ZnO. 
In particular, the band at 427 cm−1 corresponding to Zn–N 
stretching indicated the successful bond formation between 
zinc ions and the bIM organic linker. In this context, we can 
assume that the reaction of Zn2+ and bIM in ZIF-11 crys-
tals occurred. These results are slightly similar to those 
obtained by other authors [19,29–31]. The bIM ring presents 
two regions [32]: one is nucleophilic (set of positive charges) 
located on the C–H bonds of the benzyl ring, the other is 
electrophilic (set of negative charges) located around the 
imidazole group. These charge distributions are responsible 

(c) 

Fig. 2. Powder XRD patterns of the measured ZIF-11 sam-
ples ((a) before adsorption tests and (b) after adsorption tests) 
achieved several times at 25°C and simulated ZIF-11(*) (c).

   

Fig. 3. Scanning electron microscope pictures of ZIF-11 particles.
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on molecular interactions between electron acceptors 
(benzyl ring of the bIM) and the electron donors (Zn2+). In 
addition, electron donors of the six-membered ring of the 
bIM are available for interactions with other molecules 
in adsorption for instance.

3.1.4. Thermogravimetric and differential scanning 
calorimetry analysis

The thermogravimetric (TG) and DSC analysis of ZIF-
11 were performed to study the thermal stability of ZIF-
11 particles (Fig. 5). As shown in the TG curve between 
150°C and 220°C, the first weight-loss of the sample was 
very small (about 2%), relating to the removal of guest 
molecules like toluene withheld in the particle cages. 
The long gradual plateau in the TGA up to 540°C indi-
cated that the skeleton of ZIF-11 has high thermal stabil-
ity. The second weight-loss of 6% occurred from 480°C 
to 540°C indicating the framework collapse, which was 
caused by the decomposition process of the organic ligands 
that are bIM. The weight-loss process was complete (71%) 

at 640°C and the residue (29%) was zinc oxide (ZnO). 
The DSC curve exhibited two exothermic peaks at 558°C 
and 643°C corresponding to a skeleton decomposition in 
two stages. The first is related to irregularly shaped and 
small particles, the second to more regular crystals, both of 
which are part of the ZIF-11 sample (Fig. 3). These results 
are in agreement with those observed by [19,29,31].

3.2. Influence of process parameters

3.2.1. Effect of the solution pH

The solution pH has an important influence on the 
surface electrical properties of the ZIF-11 particles and 
consequently on the adsorption of BCG dye. The effect 
of solution pH on the adsorption of BCG dye was inves-
tigated in the range of pH values 2.0–12. For this purpose, 
the point of zero charge (pHPZC) for ZIF-11 was estimated 
by a mass titration method [33]. The graph of final pH ver-
sus initial pH was used to determine the point at which 
the initial pH and final pH values were equal (Fig. 6). The 

 

 
C=C  30888 – 3032 

=C–H 

427 
Zn – N  

 
C – C  

400 -   530 
ZnO 

C–N–C 

Fig. 4. Fourier-transform infrared spectroscopy spectrum of prepared ZIF-11 crystals.

 

2% loss 

Fig. 5. TGA/DSC of prepared ZIF-11 crystals.
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value of pHPZC corresponded to 8.1 indicating slight basic-
ity of the particles surface. At lower pH, the ZIF-11 surface 
is positively charged and vice versa. In most cases, ZIF-
11 had a positive surface charge at a wide pH range (from 
2.0 to 8.0) and could adsorb anionic BCG dyes through 
electrostatic interactions forming ion-pair complexes 
([ZIF]+[BCG]–). Furthermore, ZIFs have a bifunctional 
property with dual Lewis acidic (Zn atom) and basic 
sites (–NH groups of the imidazolate linkers) [34,35]. This 
bifunctional property could allow ZIF-11 crystals to be a 
potential adsorbent for BCG molecules, as they can inter-
act via special functional groups such as SO3 or OH. These 
assumptions are supported by BCG adsorption results as 
a function of pH solution, which indicated an increase 
in adsorption capacity with an increase in pH up to 6.8 
(Fig. 6). Above this value, the adsorption capacity remained 
almost constant due most likely to repulsive forces 
between ZIF-11 and BCG surfaces. Therefore, pH = 6.8 
was selected as an optimum parameter.

3.2.2. Influence of stirring speed

The stirring is essentially needed to maximize the 
interactions between BCG molecules and adsorption sites 
of ZIF-11 particles in the solution. The effect of stirring 
speed over the range (100–600 rpm using a mechani-
cal agitator and magnetic stirrer) on the BCG adsorption 
capacity onto ZIF-11 was investigated and the results are 
shown in Fig. 7. It is found that the BCG adsorption capac-
ity increased with an increase in stirring speed from 100 
to 400 rpm and then it remained approximately constant 
with further increasing. The water-insoluble BCG mol-
ecules, when strongly agitated, disperse in the solution 
and diffuse towards the particles’ surface to be adsorbed. 
This effect remained constant above 400 rpm, which is the 
optimal level to be selected for further steps of this study.

3.2.3. Effect of initial concentration

BCG initial concentration, contact time, and the solu-
tion temperature are important for the assessment of the 

settings of the batch adsorption process. The effect of the 
initial concentration of BCG on the adsorption process 
was investigated for concentrations ranging from 20 to 
300 mg/L and results are summarized in Fig. 8. It can be 
seen that the removal efficiency decreases rapidly as the 
initial BCG concentration increases. At lower concentra-
tions, a sufficient number of adsorption sites are available 
to ensure a favorable adsorption of BCG molecules, and 
the inverse occurs at higher concentrations [36]. Efficient 
removal, in this case, is achieved with low initial concen-
tration solutions (up to 100 mg/L), which in practice meets 
the environmental requirements.

3.2.4. Effect of contact time

The effect of contact time on the amount of BCG dye 
adsorbed by ZIF-11 was investigated at four initial BCG 
dye concentrations: 20, 40, 60, and 80 mg/L. It can be 
seen that the adsorption process took place in two stages 
(Fig. 9). The first stage was rapid wherein the first 10 min 

Fig. 6. Effect of pH on the adsorption of BCG onto ZIF-11.

Fig. 7. Effect of stirring speed on the adsorption of BCG onto 
ZIF-11.

            
Fig. 8. Effect of initial concentration on the adsorption of BCG 
onto ZIF-11.
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the removal efficiency was 75% of BCG from a solution 
of 80 mg/L initial concentration. This is due to the large 
gradient between the number of vacant sites available on 
the ZIF-11 surface and the number of BCG molecules in 
solution resulting in a high frequency of BCG/ZIF-11 col-
lisions [25]. The second stage represented a slower pro-
gressive adsorption process up to 30 min contact time 
indicating saturation of adsorption sites. For BCG solu-
tions with initial concentrations lower than 80 mg/L, the 
previously described behavior remained similar and the 
removal efficiency increased from 81% to 89% for a con-
tact time of 30 min. Obviously, at lower concentrations, 
there are enough adsorption sites available to adsorb BCG 
molecules, and the inverse occurs at higher concentrations. 
Thus, for investigating the adsorption equilibrium of BCG 
on ZIF-11, the optimal contact time was chosen as 30 min.

3.2.5. Effect of temperature

The effect of temperature on the adsorption process 
was investigated at different contact times ranging from 10 
to 70 min and the results are summarized in Fig. 10. The 
adsorption process followed the same stages as described 
above (subsection 3.2.4), with a pronounced adsorption 
rate in the first 30 min and a rather slow one thereafter. 
This would indicate an approximately constant effect of 
temperature on the adsorption capacity (Fig. 10). This 
information is essential for practical application as mostly 
the textile dye effluents are discharged at relatively high 
temperatures (50°C–60°C) [37]. The reason for this may be 
that the ion-pair complexes formed between the adsorbed 
BCG molecules and the ZIF particles are so strong to resist 
against the thermal motion effect. The non-adsorbed yet 
molecules are enhanced by their mobility to move towards 
vacant sites of ZIF-11 particles where they can be adsorbed. 
However, it can be noticed that the efficiency removal 
increased from about 74% to a maximum of 88% with the 
increase of contact time above 30 min up to 70 min for 
the temperature settings investigated. Comparatively, 

the first 30 min of the process is more cost-effective 
and therefore the choice of this value is supported. 

3.3. Adsorption isotherms

The well-known Langmuir, Freundlich, Temkin, and 
Dubinin-Radushkevich adsorption isotherms were used to 
study the adsorption of BCG onto ZIF-11. Table 1 summarizes 
the linearized and non-linearized equations of these models.

3.3.1. Langmuir isotherm model

The Langmuir adsorption isotherm is generally suit-
able for describing the monolayer adsorption process. 
The Langmuir isotherm equation includes two parame-
ters: a constant KL, which refers to the affinity between the 
adsorbate and the adsorbent, and the maximum adsorption 
amount Qm. These parameters are combined in a dimen-
sionless constant named separation factor designed by 
RL and given as [38]:

R
K CL
L

=
+
1

1 0

 (8)

with the following features: 

• When RL > 1, affinity is low (desorption is preferred);
• When RL = 1, adsorption is regular (Henry’s law);
• When 0 < RL < 1, affinity is high (adsorption is preferred).

3.3.2. Freundlich isotherm model

When the adsorbent surface is heterogeneous, it is likely 
but not proved to use the Freundlich isotherm equation. 
This model, also, introduces two parameters: a constant KF 
and an exponent of non-linearity 1/n, with the following 
features [39]:

• When 1/n = 1, the curve is linear (Henry’s law);
• When 1/n < 0.7, the curve is pronounced.

Fig. 9. Effect of contact time on the adsorption of BCG onto ZIF-
11 at different initial BCG concentrations.

Fig. 10. Effect of temperature on the adsorption of BCG onto 
ZIF-11.
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3.3.3. Temkin isotherm model

The Temkin isotherm model takes into account the 
effects of indirect adsorbate/adsorbate interactions on the 
adsorption process; the decrease in heat of adsorption is 
linear rather than logarithmic, as implied by the Freundlich 
equation. The isotherm equation as well includes two 
parameters: the equilibrium-binding constant KT and the 
Temkin constant B, which is related to the constant of 
heat of sorption b [40].

B RTb= −1  (9)

3.3.4. Dubinin-Radushkevich isotherm model

The Dubinin-Radushkevich isotherm equation is, in 
general, widely used for homogeneous and heterogeneous 
surface adsorption [41]. This model contains two parame-
ters: the activity coefficient Kad useful in obtaining the mean 
sorption energy E and the theoretical adsorption capac-
ity Qs of the Dubinin-Radushkevich monolayer saturation, 
whereas ε is the Polanyi potential described as:

ε = +






RT

Ce
ln 1 1  (10)

The mean free energy of adsorption per molecule of 
adsorbate required to transfer 1 mol of BCG dye from the 
infinity in the solution to the surface of ZIF-11 can be calcu-
lated by Eq. (11) [42]. 

E
K

=
1
2 ad

 (11)

The experimental data of BCG adsorption isotherms on 
ZIF-11 collected at different concentrations of 40 to 300 mg/L 
were fitted to these models. A non-linear method was used 
to estimate the parameters in the different equations by 
minimizing the SSE, between experimental and calculated 
data by means of the solver add-in program of Microsoft 
Excel. For linearized equations, linear regression was 
commonly used.

3.4. Adsorption isotherm analysis

The plots of non-linearized and linearized equations for 
the adsorption isotherms of Langmuir, Freundlich, Temkin, 
and Dubinin-Radushkevich are presented in Figs. 11 and 
12. The statistical criterions associated to these models were 
calculated and given in Table 2, whereas the parameters 
of these models were found and given in Table 3.

As shown in Figs. 11 and 12, the Langmuir isotherm 
firstly and the Temkin isotherm secondly are well fit-
ted for the BCG adsorption onto ZIF-11. This finding is 
supported by the correspondingly higher R2 values and 
lower standard errors (Table 2). In addition, the isotherm 
parameters, namely Langmuir and Temkin constants had, 
respectively, lower values KL = 0.042 L/mg and KT = 0.074 L/
mg (Table 3) showing the weak interactions between 
BCG and ZIF-11, whereas the low value for the separation 
factor (RL = 0.37) indicated that the BCG adsorption onto 

Table 1
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich adsorption isotherm: linearized and non-linearized equations

Isotherm models Equations Linearized form Plot

Langmuir Q
Q K C
K Ce

m L e

L e

=
+1

1 1 1
Q K Q C Qe L m e m

= +
1 1
Q Ce e

vs.

Freundlich Q K Ce F e
n= Ln ln lnQ K

n
Ce F e( ) = +

1 lnQe vs. lnCe

Temkin Q RT
B

K Ce T e= ( )ln Q RT
B

K RT
B

Ce T e= +ln ln Qe vs. lnCe

Dubinin-Radushkevich Q Q ee s
K= − adε

2 ln ln adQ Q Ke s( ) = − ε2 lnQe vs. ε2

Table 2
Statistical criterions associated to Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich models for the BCG adsorption onto 
ZIF-11

Statistics Langmuir Freundlich Temkin Dubinin-Radushkevich

SSE 137.9 1,181.1 348.9 1,365.9
RMSE 3.54 10.4 5.6 11.1
HYBRID 20.9 228.9 41.8 359.1
χ2 1.88 20.6 3.76 32.3
R2 0.97 0.94 0.96 0.64
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ZIF-11 is favorable. This is evidenced by the maximum 
capacity of adsorption for Langmuir isotherm determined 
by the non-linear method (Qm = 150 mg/g). Therefore, the 
Langmuir and Temkin models can provide good interpre-
tation for the experimental data in contrast to Freundlich 
and Dubinin-Radushkevich models, which showed 
poor fit that resulted in excessive values for statistical 
error functions (Table 2).

3.5. Adsorption kinetics

The pseudo-first-order (PFO), pseudo-second-order 
(PSO), and intraparticle diffusion (IP) models have been 
commonly used to represent the kinetics of adsorption [43]. 
The equations corresponding to these models are summa-
rized in Table 4. In these equations, Qe and Qt (mg/g) are 
the amounts of the BCG dye adsorbed at equilibrium and 
at time t (min), respectively, K1 (min–1) is the rate constant 
for the PFO, K2 (g/mg min) is the rate constant for the PSO. 
Kp (mg/g min0.5) is the IP rate constant and C is the intercept 
for the IP. In this study, the kinetic parameters were assessed 
by fitting these models to experimental data, which were 
recorded for a set of BCG adsorption experiments with an 

 
Fig. 11. Experimental isotherms and non-linear equation plots of 
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich iso-
therms for the BCG adsorption onto ZIF-11.

          

Fig. 12. Linearized equation plots of Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherms for the BCG adsorption 
onto ZIF-11.
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initial concentration of 200 mg/L and a contact time rang-
ing from 0 to 70 min. The linearized equations required the 
common linear regression analysis, whereas the non-linear 
equations required a non-linear method, which minimizes 
the SSE between experimental and calculated data by a 
trial and error procedure, which is applicable to computer 
operation. For this purpose, the solver add-in program of 
Microsoft Excel was used.

The linear plots related to the PFO, PSO, and IP mod-
els are presented in Fig. 13, whereas the non-linear plots 
are presented in Fig. 14. The constant values deducted 
from these plots and the statistical criterions are reported 
in Table 5. The kinetic data analysis indicated that the 
experimental data sufficiently fitted the PFO model for 

the time range from 0 to 40 min (Fig. 13) and fitted well 
the PSO model for the entire time range (Figs. 13 and 14). 
The statistical analysis also showed better values for the 
PSO model fitting (Table 5). It has been reported that the 
PSO reaction kinetics provide the best correlation of the 
experimental data for many sorption processes, excepted 
those occurring onto inhomogeneous solid surfaces con-
trolled by diffusion [44]. Indeed, more caution should 
be exercised in the analysis of kinetic data, especially for 
the systems controlled by diffusion [43]. Conveniently, 
the IP model fitting showed a bilinearity plot with sat-
isfactory statistical errors (Fig. 13 and Table 5). This 
suggested that a part of BCG molecules instantaneously 
adsorbed on the ZIF-11 external surface and next, another 

Table 4
Kinetic models: linearized and non-linearized equations

Kinetic models Equations Plot Linearized form Plot

Pseudo-first-order Q Q k tt e= − −( )( )1 1Exp Qt vs. t ln lnQ Q Q k te t e−( ) = − 1 ln(Qe − Qt) vs. t

Pseudo-second-order
Q t

k Q
t
Q

t

e e

=
+

1

2
2

Qt vs. t
t
Q k Q

t
Qt e e

= +
1

2
2 t/Qt vs. t

Intraparticle diffusion Q K t Ct p= +0 5. Qt vs. t Q K t Ct p= +0 5.
Qt vs. t

Table 3
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherms parameters for the adsorption of BCG onto ZIF-11

Langmuir Freundlich Temkin Dubinin-Radushkevich

KL (L/mg) 0.042 KF 22.97 KT (L/mg) 0.39 Kad (mg/kJ) 26.26
Qm (mg/g) 150.2 n 2.78 B (J/mol) 74.49 Qs (mg/g) 113.01
RL 0.373 E (kJ) 0.14

    

Fig. 13. Plots of fitted PFO and PSO linearized models (left) and IP linearized model (right) for the BCG adsorption onto ZIF-11.
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part of molecules gradually diffused within their pores, 
where IP is controlled. 

Obviously, the BCG adsorption onto ZIF-11 followed 
a physicochemical sorption mechanism, which was con-
firmed by low values of thermodynamic BCG adsorption 
parameters (Section 3.6).

3.6. Thermodynamic parameters

Thermodynamic parameters of adsorption provide 
performance estimation and prediction of the adsorption 
mechanism and are required for the characterization and 
optimization of an adsorption process [45]. The Gibb’s free 
energy change (ΔG°) is an important criterion for adsorp-
tion spontaneity. ΔG° for BCG adsorption onto ZIF-11 was 
determined by classical Van’t Hoff equation:

∆G RT Kd° = − ln  (12)

where Kd is the constant partition coefficient defined as [46]:

K
Q
Cd
e

e

=  (13)

where Qe (mg/g) is the amount of adsorbed BCG onto 
ZIF-11 and Ce (mg/L) is the equilibrium BCG concentration 
in solution.

ΔG° is related to adsorption enthalpy change ΔH° and 
adsorption entropy change ΔS° by:

∆ ∆ ∆G H T S° = ° − °  (14)

Considering this relation, Eq. (12) gives:

lnK S
R

H
RTd =

°
−

°∆ ∆  (15)

The experimental data of Qe and Ce, which served to 
calculate Kd were obtained for the temperature values (298, 
313, and 323 K). By plotting lnKd vs 1/T (Fig. 15) the val-
ues of ΔH° and ΔS° were determined. Finally, ΔG° values 
were found (Table 6). The activation energy Ea and stick-
ing probability s* were determined from experimental 
measurements of the adsorption rate constant at differ-
ent temperatures according to the Arrhenius equation as 
follows [10]: 

s e
E
RT
a

* = −( ) −
1 θ  (16)

The sticking probability s* is a function of the adsorbate/
adsorbent system and θ is a parameter defined as:

θ = −1
0

C
C
e  (17)

 

Fig. 14. Plots of the experimental data and fitted PFO, PSO, and 
IP non-linear models for the BCG adsorption onto ZIF-11.

Table 5
Kinetic parameters obtained from various kinetic models for sorption of BCG

Parameters values Rate constant Model constant R2 SSE HYBRID RMSE χ²

Pseudo-first-order K1 = –0.079 Qe = 109 mg/g 0.079 146.87 42.97 4.28 2.58
Pseudo-second-order K2 = 0.113 Qe = 122 mg/g 0.999 6.47 1.33 0.90 0.08
Intraparticle diffusion Kp = 10.02 C = 31.79 (0.98/0.91) 321.83 74.49 6.34 4.47

        

Fig. 15. lnKd = f(1/T) plot for the BCG adsorption onto  
ZIF-11. 
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Eq. (16) can be written as:

ln ln1−( ) = +θ s
E
RT
a*  (18)

By plotting ln(1 − θ) vs 1/T for the temperature values 
(298, 313, and 323 K) (Fig. 16) Ea and s* were determined.

As seen in Table 6, ΔG° values were found to be neg-
ative, indicating that the adsorption process of BCG on 
ZIF-11 was spontaneous and feasible, especially at high 
temperatures, in accordance with the decrease of the neg-
ative values of ∆G° as the temperature increased from 298 
to 323 K. In this regard, the positive values of ΔS° also 
suggested the mobility of the BCG molecules in solu-
tion, which is indicative of an increased randomness at 
the solid/solution interface and a good affinity of BCG 
for ZIF-11. The positive values for ΔH° indicated that the 
adsorption process was endothermic. Indeed, as the pre-
viously adsorbed water molecules might desorb prior to 
the adsorption of the BCG molecules onto the ZIF-11 par-
ticles heat supply was needed [45]. The obtained positive 
values of Ea = {8.9; 9.4; 9.7} kJ/mol and s* = 0.027 (Fig. 16) 
indicated the endothermic nature of the adsorption pro-
cess on one hand and the magnitude of the probability of 
BCG dye to stick on the surface of ZIF-11. These values 
can be referred to a physicochemical adsorption process. 
These findings are in agreement with the reports of dye 
adsorption studies on different adsorbents [45].

3.7. Comparison of ZIF-11 performance with the other adsorbents

As shown in Table 7, the adsorption capacity for ZIF-
11 is compared to other synthetic adsorbents. Considering 
its rapid and facile synthesis and good adsorption per-
formance, ZIF-11 would be a promising adsorbent for the 
efficient removal of BCG from aqueous solutions.

4. Conclusion

In this study, ZIF-11 was synthesized by stirring 
method and successfully tested as an adsorbent for BCG. 
It showed particular characteristics such as porosity, mor-
phology, high crystallinity, and thermal stability, which 
are the required features for the removal of dyes such as 
BCG from its aqueous solution. The BCG adsorption per-
formance and efficiency were, respectively, evidenced by 
high adsorption capacity (Qm = 150.20 mg/g) and reduced 
duration (contact time = 30 min). These settings were 
supported by the adsorption equilibrium and kinetics 
studies. The experimental adsorption data fitted well to 

Langmuir and Temkin isotherms and the rate was PSO: 
BCG molecules rapidly adsorbed on the external ZIF-11 
surface and subsequently diffused within their particle 
pores. This mechanism consisted of electrostatic interac-
tions between Zn2+ ions of ZIF-11 and SO3– ions of BCG 
at the pH range (from 2.0 to 8.0). Consequently, the BCG 
adsorption onto ZIF-11 was a spontaneous physicochemi-
cal process as supported by the calculated thermodynamic 
parameters. Thus, it can be concluded that ZIF-11 is an 
effective adsorbent for the removal of BCG dyes.

Fig. 16. Plots of ln(1 − θ) vs. 1/T for the adsorption of BCG onto 
ZIF-11. 

Table 6
Thermodynamic parameters and its plot error values for the adsorption of BCG onto ZIF-11

T (K) –ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol K) R2 RMSE SSE Hybrid

298 4.37
4.27 0.03 1 0.37 0.41 0.69313 4.77

323 5.10

Table 7
Comparison of BCG maximum adsorption capacity of ZIF-11 
with some adsorbents reported in the literature

Adsorbent Adsorption 
capacity (mg/g)

References

Cd(OH)2-NW-AC 108.7 [9]
Ziziphus nummularia 6.21 [10]
Cotton stalks activated carbon 222.22 [12]
Chitosan poly(methacrylate)  
 composites

39.84 [13]

Electrospun scaffolds 2.93 [14]
ZIF-11 150.20 This work
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