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Abstract

In the present work, continuous fixed-bed column and batch studies were undertaken to investigate the efficiency of iron-
based metal-organic framework (Fe-BTC) for the removal of methyl orange as a model contaminant from aqueous solutions.
The batch experiments were carried out by varying operational parameters such as adsorbent dosage, pH, temperature, and
initial contaminant concentration. The results showed that Fe-BTC had a high removal efficiency under a wide pH range. The
equilibrium data were best fitted by the Langmuir model with a maximum adsorption capacity of 100.3 mg g~! at 298 K. In
order to assess the industrial feasibility of Fe-BTC, fixed-bed column studies were conducted to obtain breakthrough curves,
breakthrough and saturation times, and maximum uptakes at different bed heights. The breakthrough time was 20.0 and 46.2 h
at 0.75 and 1.5 cm bed depths, respectively. The bed removal efficiency was 35.2 and 46.7% at 0.75 and 1.5 cm bed depth,
respectively. The bed maximum adsorption capacity was 20.2 and 21.6 mg/g at 0.75 and 1.5 cm bed depths, respectively.
Moreover, the application of empirical breakthrough curve models showed good agreement with the modified dose response
model (R*>0.99). Also, the analytical solution of the advection—dispersion—adsorption mass transfer equation showed an
excellent fit to the experimental breakthrough data (R*>0.99). Further, the analytical model was utilized to predict the length
of the mass transfer zone as a function of the bed depth and to construct a 3D surface plot that can be utilized to predict the
breakthrough at different bed depths.
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be used to separate, decolorize and deodorize contaminants
from liquid solution and gas mixtures. In the field of water
purification, water contamination by pollutants such as phar-
maceuticals, pesticides, detergents, endocrine-disrupting
chemicals, and organic dyes is at the center of tremendous
scientific research efforts due to their potential risks to both
human and aquatic environment (Arslan et al. 2017). In
particular, dyes contain toxic compounds that are resistant
to biodegradation and photodegradation, thus cannot be
removed with conventional wastewater treatment technolo-
gies. Consequently, these contaminants may end up in the
aquatic environment, becoming threats to wildlife and may
eventually end up in the groundwater or drinking water (Luo
et al. 2014). Accordingly, dye removal is crucial for both
environmental and quality aspects.

Among water purification methods, adsorption is often
viewed favorably since it offers a cost-effective, simple, and
flexible process for water purification (Yagub et al. 2014,
Karami et al. 2020). Furthermore, the adsorption process
generally does not produce harmful by-products (Liu et al.
2019). The adsorption process has been widely used, not
only for dyes removal, but also has been applied for the
removal of various classes of chemical contaminants pro-
duced from industrial effluents that are practically persis-
tent to conventional treatment methods, such as heavy met-
als and various organic pollutants (Yagub et al. 2014; Wu
et al. 2018). Adsorption can be performed either in a batch
or a continuous setup. The batch adsorption process is not
a favorable choice for large-scale industrial applications
because it is restricted to small wastewater volumes with
minimal pollution load. Batch adsorption studies are usually
limited to determining the adsorbent’s removal efficiency
toward a particular pollutant and understanding the possible
adsorption mechanism (Dichiara et al. 2015). The column
adsorption process, on the other hand, is more appropriate
for industrial settings as it allows for the processing of large
volumes of wastewater. When performing adsorption in a
fixed-bed column setup, complete removal of the pollutant
from the water can be accomplished until a specific time
(breakthrough), whereas this is not the case in the batch
setup where at equilibrium, the contaminate residual con-
centration will not be zero (Dichiara et al. 2015). However,
to properly design an adsorption column, a batch adsorp-
tion investigation is required to understand the nature of the
adsorption process. In particular, various batch experiments
are performed to determine both equilibrium and kinetics
behavior of the adsorbate/adsorbent couple.

The design and the success of any adsorption process,
however, pivots on the removal efficiency and the load-
ing capacity of the adsorbent (Tan et al. 2019). Therefore,
the choice of the adsorbent is a crucial aspect of the pro-
cess. Among the potential candidates are metal-organic
frameworks (MOFs), which are porous solids formed of

* @ Springer

organic—inorganic networks that are built by metal ions
coordinated with organic ligands (Tan et al. 2019). MOFs
have impressive adsorbent characteristics like high internal
surface area (Farha et al. 2012; Furukawa et al. 2013), high
thermal stability (Furukawa et al. 2011), tunable pore vol-
umes/shapes (Farha et al. 2012; Furukawa et al. 2013), and
flexible crystal structures (Aguilera-Sigalat and Bradshaw
2016). These exceptional properties have led to numerous
studies that investigate the removal of several pollutants
from contaminated water using MOFs as adsorbents in batch
adsorption setups (Adeyemo et al. 2012; Khan et al. 2013;
Dias and Petit 2015; Hasan and Jhung 2015; Ayati et al.
2016; Liu et al. 2017; Samokhvalov 2018; Dhaka et al. 2019;
Joseph et al. 2019). The results have shown that MOFs are
robust adsorbents with excellent removal efficiencies, high
loading capacities, and tunable selectivity. However, most
of the reported studies were conducted and in batch setups,
and very few studies have explored the potential application
of MOFs in fix-bed column adsorption processes (He et al.
2019; Arora et al. 2019; Zhang et al. 2020).

Therefore, this study was set to construct a fixed-bed
column and investigate the adsorption process of a model
pollutant (methyl orange (MO)) from contaminated water
using MOF-based adsorbent, iron 1,3,5-benzenetricarbo-
xylate (Fe-BTC). Fe-BTC is an iron-based MOF and was
reported for the removal of various compounds from liquids
(Centrone et al. 2011; Zhu et al. 2012) in batch setups, and
only one study reported a limited investigation on its use
for the removal of Pb(II) and Cd(II) from aqueous solutions
in fixed-bed column (Zhang et al. 2020). This MOF was
selected in this study due to the limited number of studies
on its adsorption efficiency for dyes in fixed-bed column.
Furthermore, Fe-BTC is commercially available, which
makes it preferable to other MOFs in environmental appli-
cations and has shown good water stability (Zhu et al. 2012;
Dhakshinamoorthy et al. 2012). Besides, iron-based MOFs
in general (including Fe-BTC) are gaining interest in the
field of environmental remediation because of the abundant
availability of iron as a raw material and because they dis-
played high thermal and mechanical stability, which helps in
avoiding the aggregation problem that other nanomaterials
suffer from (Zhu et al. 2012; Liu et al. 2017). Methyl orange,
on the other hand, has been chosen as an adsorbate model
molecule because it is used as a colorant in various industrial
applications (Mittal et al. 2007). To the best of the authors’
knowledge, this research work is one of the few studies (He
et al. 2019; Arora et al. 2019; Zhang et al. 2020) that deploys
MOFs in a continuous fixed-bed adsorption column.

The investigation was designed to have a complete picture
of the kinetics and the thermodynamics for the removal of
MO using Fe-BTC in batch and fixed-bed column settings.
In the first part of the study, the adsorption kinetics and iso-
therms were analyzed, and the thermodynamic parameters
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were calculated from batch adsorption experiments. The
second part consists of building a bench-scale fixed-bed col-
umn, packed with Fe-BTC for MO removal from water in
a continuous setup, and recording the breakthrough perfor-
mance at different bed depths. Additionally, empirical break-
through models, including Thomas, Yoon-Nelson, Clark,
and the modified dose response (MDR), have been used to
analyze the breakthrough curve. The analytical solution of
the advection—dispersion—adsorption mass transfer model
was also applied to predict the adsorption breakthrough
curve and the mass transfer zone. The parameters related
to each model, along with the regression coefficients, were
calculated. The aforementioned studies were conducted in
2019 at the American University of Sharjah.

Materials and methods
Materials

Fe-BTC was obtained from Sigma-Aldrich (Basolite® F300)
and was used without further modifications. The MO stock
solution (1000 mg/L) was purchased from LabChem (USA),
and the desired MO aqueous solutions were made by dilution
using deionized water (PURELAB® Pulse, ELGA LabWater,
UK). Aqueous solutions of HCI and NaOH (1 M) were used
for pH adjustment. Finally, ethanol (99.8%, Sigma-Aldrich)
was used as for Fe-BTC regeneration.

Characterization

Fe-BTC samples were characterized before and after the
adsorption experiments. The crystal structure of the samples
was verified using X-ray diffraction (XRD) measurements. In
this work, XRD patterns of the samples were collected using
Bruker D8 ADVANCE diffractometer (Cu-Ka radiation with
A=1.5406 10\). The 26 range was 5.0°-60°, and the step size
was 0.03°. The shape and morphology of the samples were
inspected using a transmission electron microscope (TEM).
Fourier transform infrared (FTIR) spectra were obtained on
the FTIR spectrophotometer (PerkinElmer, USA) using the
KBr disk method, in the range of 4000450 cm™!, and 10
scans were signal-averaged with a resolution of 1.0 cm™'.
Thermal gravimetric analysis (TGA) of Fe-BTC samples
were measured using a Pyris 1 TGA instrument (Perki-
nElmer, USA) at a heating rate of 10 °C min™' from 30 to
700 °C. The surface point zero charge (pHp,) of Fe-BTC
was determined using the solid addition method (Fiol and
Villaescusa 2009; Hosseini et al. 2011). The characteriza-
tion results, including XRD, FTIR, TEM, and TGA, are pre-
sented in the supplementary information.

Adsorption experiments
Batch adsorption

Each batch experiment was carried out by adding a meas-
ured amount of adsorbent to 50 mL. MO solution with initial
concentration at a specific pH and temperature. The solid
and liquid were stirred vigorously and maintained for a pre-
determined time of (5 min to 3 h) to ensure complete adsorp-
tion. The samples were taken using 5 mL syringe and filtered
using membrane filters (Nylon, 17 mm diameter, 0.45 pm
pore size). Then, the concentration of MO was determined
by measuring the absorbance (1 =464 nm) of the solutions
with a UV-Vis spectrophotometer (Evolution 60s, USA).
The adsorbed amount of MO at any time (g,) was calculated
by Eq. (1).

o= (C,—C)xV "

m

where g, is the MO adsorption capacity (mg/g), C, is the MO
initial concentration in the aqueous solution (mg/L), C, is the
MO residual concentrations in the solution at time ¢ (min),
V is the total volume of the solution in the beaker (L), and
m is the adsorbent’s dosage (mg). The removal efficiency of
MO can also be found from Eq. (2).

Co B Ct
RE = —c x 100 2)

o

Furthermore, to ensure that no MO degradation is taking
place, a control experiment was performed.

Adsorption kinetics Kinetic experiments were performed at
initial concentrations in the range 5-15 mg/L. The kinetic
data obtained were analyzed using pseudo-first-order (PFO)
(Tan and Hameed 2017), pseudo-second-order (PSO) (Tan
and Hameed 2017), and Elovich (Tan and Hameed 2017)
models. Also, the intraparticle diffusion (IPD) kinetics were
examined using the model developed by Weber and Mor-
ris (Weber and Morris 1963). The PFO, PSO, and Elovich
kinetic models are given in Egs. (3), (4) and (5), respec-
tively.

g =qc(1—e™) 3)
kyq?t

= _-°¢ 4

@ 1+ kyq,.t “)
= Llna

“=73 n(l+aps) 5)
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where k, (min~!) represents the PFO kinetic constant, ky
(g mg~! min~!) is the PSO kinetic constant, a (mg g~ min~")
is the initial adsorption rate and # (g mg™") is the desorption
constant linked to the surface coverage extent and the activa-
tion energy (Ghaedi et al. 2014). All kinetic parameters were
determined using a nonlinear regression technique.

Also, the Weber—Morris intraparticle diffusion (IPD)
model is expressed in Eq. (6),

g, = kpt** + C (6)

where kp (mg g~! min~%?) is the IPD rate constant, and C
(mg g~ is the IPD constant linked to the boundary layer
thickness (Weber and Morris 1963).

Adsorption isotherms The MO equilibrium adsorption
isotherms were studied with initial concentration ranges
of 10-250 mg/L and Fe-BTC dosage of 50 mg. The
obtained adsorption equilibrium data were fitted to Lang-
muir (Langmuir 1918), Freundlich (Liu and Liu 2008),
Dubinin—Radushkevich (D-R) (Liu and Liu 2008), and
Temkin (Liu and Liu 2008) isotherm models. The Lang-
muir isotherm is given by Eq. (7)

_ QmKLCe
%= T1K.C. 7

where ¢, is the maximum monolayer adsorption capacity
(mg g7, K; is the Langmuir constant (L mg™!). From the
value of K|, the Langmuir dimensionless separation factor
or equilibrium parameter (R ) is calculated by Eq. (8).

1
R o=—t
" (1+K.C) ®)

where R; indicates the shape of the isotherm to be either
irreversible (R, =0), favorable (0 <R <1), linear (R, =1),
or unfavorable (R; > 1) (Baccar et al. 2010).

The Freundlich isotherm is expressed in Eq. (9).

ge = KpC/" )

where n and K; ((mg g (L mg_l)l/") are Freundlich con-
stants linked to the adsorption favorability and capacity,
respectively. If (1/n) <1, it indicates favorable adsorption
(Baccar et al. 2010).

The Temkin isotherm is given in Eq. (10).

Eln(

qe = b KTCe)

(10)
T

where K (L mg™") is the Temkin isotherm constant, and by
(kJ mol ™) is the constant related to the heat of adsorption.
R is the universal gas constant, and T (K) is the absolute
temperature.

* @ Springer

Finally, Eqgs. (11) and (12) present the D—R isotherm
model.

—Kpr@?

an

de = dpRr®

¢)=RTln<1 +CL>

e

12)

where gpg (mg g~ ) is the D-R constant representing the
theoretical adsorption capacity, ¢ is the Polanyi potential,
and Ky (mol® kJ~2) is the constant of the adsorption energy
which can be correlated to the mean adsorption energy (E)
by using Eq. (13).

1

\2Kpr

In general, the calculated value of E can be useful to
determine whether the adsorption is physical or chemical.
If the value of E is between 8 and 16 kJ mol~!, then the
adsorption is dominated by a chemical mechanism, while
if E<8 kJ mol™!, then the adsorption proceeds through a
physical mechanism (Vijayaraghavan et al. 2006; Basar
2006; Kousha et al. 2012).

E =

13)

Adsorption thermodynamics MO adsorption at 298, 303,
and 313 K was investigated, and the thermodynamic param-
eters Gibbs free energy (AG°), change in enthalpy (AH®),
and change in entropy (AS°) were calculated. Equations (14)
and (15) were utilized to determine AG°, AH®, and AS°,

AG® = —RTIn (K,,) (14)
AS°  AH°
In (K,,) = = " T (15)

where K, is the adsorption equilibrium constant. In order
to obtain relevant values for the thermodynamic parameters,
the value of K, has to be correctly estimated. The Langmuir
constant (K ) was used to estimate K, using the method
suggested by Zhou and Zhou (2014).

Fixed-bed column adsorption

A schematic representation of the experimental setup is
shown in Figure S11. The fixed-bed continuous adsorp-
tion experiments were conducted in a cylindrical glass
column (10 mm inner diameter). The adsorption column
was packed with 150 or 300 mg of Fe-BTC to achieve
0.75 or 1.5 cm bed depths, respectively. The bed was posi-
tioned between the top and bottom layers of deactivated
glass wool (RESTEK, USA) and glass beads (4 mm diam-
eter). The bottom layer provided support for the bed, while
the top layer offers proper liquid distribution across the
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column’s cross-section. The MO solution of 15 mg/L influ-
ent concentration (C,) was fed to the column, and to ensure
a constant flow rate (Q =4.5 mL/h), a constant level of
the hydrostatic head above the fixed-bed was maintained.
Then, the column’s effluent was collected at different time
intervals and were analyzed for MO concentration (C,)
using a UV-VIS spectrophotometer. The cumulative vol-
ume of the effluent was also recorded with each sample.
The measured concentration data were normalized with
respect to C, and plotted against the operating time () and
collected volume (V) to obtain the breakthrough curves
(BTCs). Finally, to assess the performance of the column,
the breakthrough (#,) and the exhaustion times (z,) were
set as the time to achieve a normalized concentration (C/
C,) of 0.1 and 0.9, respectively.

Fixed-bed column performance equations In order
to evaluate the operational performance and dynamic
response of the fixed-bed column, it is important to deter-
mine the breakthrough time and the shape of the break-
through curve.

From the experimental data of the breakthrough curve,
the total amount of MO adsorbed at the exhaustion point
(m,y) was calculated using Eq. (16).

le
0oC / 1 G dr
myy = - —
ad o Co
0

where Q is the inlet volumetric flow rate, C, is the influent
MO concentration, and C/C, is the ratio of the effluent con-
centration to the influent concentration.

Also, the total amount of MO fed to the column at the
exhaustion point (m,,) is calculated using Eq. (17).

my = QC,f,

(16)

a7

From the values of m,4 and m,;, the bed removal efficiency
(RE,y) is calculated as follows:

m
RE,., = —2 x 100

tot

18)

Dividing the total amount of MO adsorbed at the
exhaustion point (m,,) by the adsorbent mass (m) gives the
maximum adsorption capacity, also known as the equilib-
rium adsorption capacity (¢, 1s calculated by Eq. (19).

q _ Mayg
max m

19)

The empty bed contact time (EBCT) is the time during
which the liquid feed is in contact with the adsorbent in the
column, assuming that the liquid flows through the bed at
the same velocity, is given by:

ZXA
EBCT = ——%d

(20)
where Z is the bed depth in the column, and A4 is the cross-
section area of the bed.
Finally, the length of the mass transfer zone (MTZ) in the
bed is calculated by Eq. (21).
I
MTZ=Zx(1-= @

te

Empirical breakthrough models The prediction of the con-
centration—time profile and maximum adsorption capac-
ity of an adsorbent are necessary factors for the successful
design of the industrial adsorption column. Therefore, in
this work, breakthrough data were analyzed using Thomas
(1944), Yoon and Nelson (1984), (Clark 1987), and modi-
fied dose response (MDR) (Yan et al. 2001) models, which
are given in Eqs: (22), (23), (24), and (25), respectively.

G _ 1

Co Itexp [KTI_I(% - Cot)] (22)

G 1

Co  1+exp[Kyn(z—1) 23)

C P

—t = (#) : (24)

C, 1+ Ae™"

Gyt

G g ( 01 )M (25)
4dMDR™

where Ky is the Thomas rate constant, gy is the equi-
librium (maximum) adsorption capacity predicted by the
Thomas model, m is the MOF’s mass in the column, C, is
the influent concentration, C, is the effluent concentration,
Q is the flow rate, and ¢ is the sampling time. Also, Ky is
the Yoon—Nelson rate constant, and 7 is the time required for
a 50% adsorbate breakthrough. In Eq. (24), A and r are the
Clark model constants, and # is the Freundlich isotherm con-
stant. Finally, ay;pg is the MDR model constant, and gy;pgr
is the equilibrium (maximum) adsorption capacity predicted
by the MDR model.

Analytical solution of the dynamic advection-dispersion-
adsorption model In addition to the empirical models used
to simulate the breakthrough curves, the one-dimensional
dynamic advection—dispersion—adsorption model given in
Eq. (26) was solved analytically to predict the breakthrough
and MTZ of MO adsorption in the fixed-bed column.
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9*’C  aC P, 9q

aC
— = —u
ot

=D, — 2
ot Loz2 (26)

where C and g are the MO concentration in the liquid and
solid phases, respectively. The bed depth, longitudinal dis-
persion coefficient, fixed-bed bulk density, porosity, and
interstitial velocity are indicated by Z, Dy, py, €, and u,
respectively. Finally, ¢ is the operating time (independent
variable). The interstitial velocity («#) can be calculated using
Eq. (27).

40
u=—" 27)

ﬂ'fdizn
where d,,, is the inside diameter of the column.

The model is developed on the assumption that the
mass transfer in the column is governed by the advec-
tion—dispersion—adsorption mechanism without degrada-
tion (chemical reaction) (Zheng and Bennett 2002). The
simplification of Eq. (26) was formulated as follows (Api-
ratikul 2020):

At low MO concentration in the influent, the relation
between ¢ and C can be assumed to be a linear one, as
expressed in Eq. (28).
q=KpC (28)

where K|, is the linear adsorption coefficient. Substituting
Eq. (28) in Eq. (26) and rearranging gives Eq. (29).

Pv >0C
1+ 2K, )= =D, —
( e v) ot Loz2

0°C aC

—u 9)

By defining the retardation coefficient, R, as in Eq. (30)

Re = (1 + %KP> 30)

and substituting in Eq. (29), followed by division of both
sides by R; yields

oc _ Dy oC
ot Ry 072

u 0C

R; ot (D

To further simplify Eq. (31), the terms % and - are
f f

defined as the effective longitudinal dispersion coefficient
(D.g) and effective velocity (u.g), respectively, to give the
final form of the partial differential equation to be solved.

2
o =D s (32)
The solution of Eq. (32) needs two boundary conditions and
one initial condition as follows:
Boundary condition 1: C|,_y = C,;¢t >0
Boundary condition 2: C|,_,, =0;¢>0
Initial condition: C|,_y =0;Z >0

* @ Springer

The analytical solution of Eq. (32) with the stated boundary
and initial conditions was first proposed by Ogata and Banks
(1961) and is given in Eq. (33).

Z — u gt teftZ Z + u 4t
€ - Derte )+ erererfe oA (33)
CO 2 2 Deﬂ‘t 2 Defft

where erfc(x) is the complementary error function in which x
stands for the term in the parenthesis of the complementary
error function in Eq. (33). The function is defined in Eq. (34)
as follows:

X
erfc(x) =1 — 2 / e_”zdn
ﬁ 0

The values of the fixed-bed parameters (i.e., py, €, u, and
d;,) that are used in the modeling of the breakthrough curve
are summarized in Table S4.

(34)

Error analysis

Three error functions are used to quantitatively assess the fit-
ting accuracy of the employed kinetic and isotherm models,
which are the coefficient of determination (R?), root-mean-
square error (RMSE), and the sum of squared errors (SSE).
These functions are expressed in Eqs. (35-37).

M=

(Qe,i - Qe,avg)z_ Z (Qe,i - qp,i)z

=

I
n

2 __

R = — - (35)

; (qe,i - qe,avg)

1 < 2
RMSE = 4| = 2 (4~ 4.) (36)

i=1
al 2

SSE= ) (4pi = 9ei) 37

i=1

where g, ¢,, and g, ,,, are the experimental adsorbed
amount of MO (mg/g), the predicted value from the iso-
therm model corresponding to C, (mg/L), and the average
of g, respectively. N denotes the number of experimental
data points. The values of the error functions were calculated
using the regression tool in MATLAB.
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Results and discussion
Batch adsorption
Effect of contact time

The rate of adsorption and the loading capacity of the adsor-
bent are essential aspects of the adsorption process, which
are dependent on the pollutant load of the contaminated
water. Thus, the rate of adsorption of MO by Fe-BTC at
different initial concentrations of MO was investigated. The
results depicted in Figure S5 show that the adsorption pro-
cess was very rapid, and most MO is adsorbed in the first
10 min and reaching equilibrium in~ 1 h. This is attributed
to the abundance of unoccupied active sites on the surface
of the adsorbent. As time progressed, the adsorption rate
gradually decreased due to a decrease in the available active
sites and eventually reaching saturation (Haque et al. 2010).

Effect of initial pH (pH,) and adsorption mechanism

The pH has a crucial effect on adsorption processes due
to its impact on the charge of both the adsorbent and the
adsorbate, which in turn affect the electrostatic interactions
between the two. Thus, the effect of initial pH (pH;) on the
loading capacity of Fe-BTC in the range of pH 2-12 at
298 K have been investigated. The initial concentration of
MO was fixed at 15 mg/L, and the dosage of Fe-BTC was
150 mg (50 mL total solution volume).

The results (Fig. 1a) show that there was an insignificant
effect on Fe-BTC adsorption capacity of MO in the range
of 2-10. This is attributed to the dominant positive charge
on the surface of Fe-BTC, which enhances the electrostatic

|(@)

pH,

|

attraction between the MOF’s surface and the negatively
charged MO molecules (MO usually exists in the anionic
form) (Haque et al. 2010; Wu et al. 2017). This was further
supported by the zero-surface charge (PZC) experiment (See
Fig. 1b), which indicates that the MOF is positively charged
at a pH range lower than 10. However, as pH; increases to 12,
which is higher than pHp,, the adsorption capacity dropped
significantly either because a strong repulsion between the
surface of Fe-BTC and MO molecules which are both nega-
tively charged (Haque et al. 2010; Wu et al. 2017) or due
to the collapse of the structure of Fe-BTC under strongly
basic conditions (Wu et al. 2017). Furthermore, the rela-
tively constant adsorption capacity in the range 2—10 may
imply the presence of n-x stacking interaction between ben-
zene rings in the carboxylic group of Fe-BTC and MO mol-
ecules (Hasan and Jhung 2015). Similar behavior has been
suggested for the liquid phase adsorption of other organic
molecules over MOFs (Huo and Yan 2012; Park et al. 2013;
Jia et al. 2015; Qin et al. 2015). Consequently, all subsequent
experiments were carried out without adjusting the pH of the
MO solution (pH =6).

Effect of initial concentration and MOF dosage

The results in Figure S6 reveal the effect of initial MO con-
centration on the adsorption capacity. It can be seen that
as the initial concentration increases, the adsorption capac-
ity increases as well. As initial MO increased from 10 to
160 mg/L, the adsorption capacity of the dye on Fe-BTC
increased from 6.74 to 65.1 mg/g. This can be attributed
to the higher driving force for mass transfer from solution
to the adsorbent as the initial dye concentration increases
at a constant adsorbent dosage, and as a result, leads to an
increase in MO uptake by the adsorbent (Abdi et al. 2017).

6
(b) .
4 -
2 il
=
o} [
=~ 0
T []
n
I/
-2 /
n
-4
2 4 6 8 10 12
pH;

Fig. 1 a Effect of pHi on adsorption capacity; and b Experimental solid-addition technique curve for Fe-BTC used to determine pHp,
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These results are in line with experimental investigations
previously reported in the literature for the adsorption of MO
and other dyes on different MOFs (Haque et al. 2010, 2011,
Huo and Yan 2012; Chen et al. 2012). Also, it can be noticed
in Figure S6 that the removal efficiency (RE) decreases with
increasing initial concentration. This can be attributed to
the fact that at the same amount of adsorbent, increasing C,
leads to a higher equilibrium concentration of MO due to the
higher amount of the dye molecules in the liquid phase. Con-
sequently, the difference between C, and C, will decrease,
leading to a decrease in the removal efficiency.

The effect of changing adsorbent dosage at constant
MO concentration was also investigated. It is anticipated
that increasing Fe-BTC dosage decreases the MO uptake
per gram of adsorbent due to the change in Fe-BTC to MO
concentrations ratios. At an initial MO concentration of
15 mg/L, increasing Fe-BTC dosage from 50 to 200 mg
decreased MO uptake from 10.3 to 3.43 mg/g, as shown in
Figure S7. On the other hand, the opposite trend is noticed
for the removal efficiency of MO; as the adsorbent dosage
increases, the dye removal efficiency increases as well. At
high Fe-BTC to MO ratio (i.e., higher adsorbent dosage),
there is a very fast superficial adsorption onto the surface of
the adsorbent leading to lower MO concentration compared
to the lower Fe-BTC to MO concentration ratio (i.e., lower
adsorbent dosage) (Senthil Kumar et al. 2010; Yao et al.
2011; Abdi et al. 2017). In other words, increasing adsor-
bent dosage leads to decreasing the concentration gradient
between MO concentration in the solution and MO con-
centration on the adsorbent surface. This also explains the
higher removal efficiency for the higher Fe-BTC dosage, as
removal efficiency is calculated from the difference between
the initial and final MO concentrations in the solution.

Adsorption kinetics

The rate of the adsorption process of MO on Fe-BTC was
studied over a contact time of 180 min. The obtained kinetic
data were fitted to three models, Elovich, PSO, and PFO,
and the calculated kinetic models’ parameters, along with
their corresponding R?%, RMSE, and SSE, are summarized
in Table S1. The results in Fig. 2 indicate that the Elovich
model provides a better fit for the data than PSO, while the
PFO model had the lowest fitting accuracy among the three
models. The g, ., values from the PSO model (Table S1)
show good agreement with ¢, .,, while the rate constant
of PSO decreases with increasing initial MO concentration.
Similar trends have been reported in the literature for the
adsorption of MO and other dyes on various MOFs (Chen
et al. 2012; Tong et al. 2013; Wu et al. 2017). On the other
hand, the high R? values and the low RMSE and SSE values
obtained for the Elovich model suggest that MO adsorption
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Fig.2 Kinetic models fitted to the experimental data (m=100,
C,=15mg/L)

on Fe-BTC is heterogeneous (Teng and Hsieh 1999; Piasecki
and Rudziriski 2007).

In order to analyze the effect of intraparticle diffusion
on the rate of the adsorption process, the kinetic data at
three different initial MO concentrations were fitted to the
IPD model. The fitted experimental data (Figure S8), reveals
that g, at different initial concentrations exhibits a trilinear
adsorption behavior, implying the existence of three suc-
cessive adsorption stages (Wu et al. 2009; Machado et al.
2012). Each straight line represents a single stage in a three-
step adsorption mechanism, which are: (1) MO molecules
diffusion through the liquid/solid boundary to adsorb on
the MOF’s surface; (2) intraparticle diffusion of MO mol-
ecules; and (3) an equilibrium stage is reached as the MOF
approaches saturation (Wu et al. 2009).

Adsorption isotherms

The thermodynamics of the adsorption process was also
investigated, and the obtained adsorption isotherms were
fitted to four models at three temperatures, as summarized in
Table S2. It is evident by observing the trend of the nonlin-
ear plots in Fig. 3 that among the four isotherm models fitted
to the experimental data of g, versus C, at 298 K, Langmuir
model is the best fitting model with highest R* and lowest
RMSE and SSE (Table S2). This indicates that the adsorp-
tion process is through the formation of a monolayer of the
adsorbate on a homogenous surface of the adsorbent. On the
other hand, the Langmuir separation factor (R ) as a func-
tion of C, at 298, 303, and 313 K (Figure S9) shows that
0 <R <1, signaling a favorable adsorption process (Baccar
et al. 2010). The values of R; decreased as the temperature
increased, demonstrating an increased adsorption efficacy
at higher temperatures (Baccar et al. 2010). These results
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Fig.3 Equilibrium adsorption isotherms of MO adsorption on Fe-
BTC at 298 K

are per the findings that the calculated g,, from Langmuir
isotherm (Table S2) increases as temperature increases.

Further analysis into the other models’ parameters shows
that all of the n values in Freundlich isotherm were greater
than unity, which means (1/n) < 1; hence, MO adsorption on
Fe-BTC is favorable (Baccar et al. 2010). At higher tempera-
tures (303 and 313 K), all employed isotherm models had
a good agreement between the experimental and predicted
data (R*>>0.96). Finally, the values of the mean adsorption
energy (E) calculated from the D-R isotherm (Table S2)
suggest that MO adsorption proceeds through physical route
(Vijayaraghavan et al. 2000).

Adsorption thermodynamics

To further analyze the thermodynamic data for MO adsorp-
tion on Fe-BTC, the Van’t Hoff plot (Figure S10) was con-
structed and the changes in free energy (AG®), enthalpy
(AH°®) and entropy (AS®) (Table S3) were determined. The
results show that the adsorption is spontaneous with a nega-
tive AG° but endothermic since AH® (16.86 kJ mol™}) is
positive (Liu and Liu 2008). The endothermic behavior sug-
gests thatincreasing temperature could improve the mobility
of MO molecules from the solution toward Fe-BTC surface,
and at the same time, increases the desorption of water mole-
cules and anions to free the active sites of the MOF for bind-
ing of MO (Mahmoodi and Najafi 2012). This desorption
also explains the positive value of AS® (162.4 J mol~! K1),
which reflects that the system experiences an increased dis-
order at the solution/MOF boundary (Baccar et al. 2010);
hence, MO adsorption on Fe-BTC is an entropy-driven
process (Haque et al. 2010). Furthermore, the endothermic
adsorption of MO (Haque et al. 2010, 2011, 2014; Shen
et al. 2015; Wu et al. 2017; Abdi et al. 2017) with a value

of AH® less than 40 kJ mol~! is an indication of a physical
adsorption mechanism (Kara et al. 2003; Angin 2014).

Fixed-bed column adsorption

The removal efficiency and adsorption capacity of MO using
Fe-BTC obtained from the batch experiments are useful to
determine the MOF’s effectiveness under the considered
experimental conditions. The batch experiments also pro-
vide a fundamental understanding of the MO adsorption
mechanism, kinetic parameters, and the optimum process
conditions. However, the data may not be applied to the
continuous column operation because they are often diffi-
cult to use directly in the design and scale-up of fixed-bed
columns since a continuous flow column is not at equilib-
rium (Agrawal and Bajpai 2011; Sadaf and Bhatti 2014).
Therefore, fixed-bed experiments are more useful for the
scale-up of the adsorption process. The essential criterion
in the design of the adsorption system is the service time,
known as column breakthrough. The breakthrough time and
the shape of the concentration—time profile are essential for
the design of an adsorption column.

In this section, the performance of MO adsorption in a
Fe-BTC fixed-bed column is reported at two bed depths
(0.75 and 1.5 cm). Based on the results of the batch experi-
ments, the pH of the MO solution was maintained at 6, and
the experiments were carried out at room temperature. Also,
the influent MO concentration was selected as 15 mg/L at
4.5 mL/h constant flow rate.

Fixed-bed column performance

Figure 4 presents both types of breakthrough curves (BTCs)
obtained from MO adsorption on Fe-BTC for different bed
depths. The calculated fixed-bed parameters are presented
in Table 1. The results revealed that increasing the bed
depth leads to an increase in the breakthrough and exhaus-
tion times, as evidenced by the right shift of the BTCs. By
expanding the bed depth, the total amount of adsorbed MO
in the fixed-bed (m,4), the removal efficiency (RE,.,), and
the maximum bed adsorption capacity (g,,,,) also increased.
An increase in the empty bed contact time (EBCT), mass
transfer zone (MTZ), and 5, (time required for 50% break-
through) was also observed.

Furthermore, the measured volume of the treated efflu-
ent at breakthrough (V,.,..q) Increased as the bed depth
increased. These results are expected; as bed depth is
increased, the available surface area of Fe-BTC in the col-
umn (i.e., adsorption sites) is also increased, which means
larger g,,,,, and higher RE, ., (Du et al. 2018). Moreover, with
longer bed depth, the contact time in the bed is increased,
and in turn, EBCT increased, which means more volume of
effluent can be treated (Du et al. 2018). Similar observations
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Fig.4 BTCs of MO adsorption on Fe-BTC fixed-bed column as function of a time and b treated volume (C,=15 mg/L, Q=4.5 mL/h)

Table 1 Fixed-bed column parameters obtained at different bed depths (C,=15 mg/L, Q=4.5 mL/h)

Bed Depth (cm)  #,(h) ¢, (h) myy (mg)  my (mg)  REy (%) G (mg/g)  EBCT (min) MTZ (cm)  Vieyeq (ML) f504, (h)
0.75 20.0 127.5  3.03 8.61 35.2 20.2 7.85 0.63 106 52.8
1.50 462 2059 6.49 13.9 46.7 21.6 15.7 1.16 228 109.2

were reported in the literature (Tan et al. 2008; Han et al.
2009).

Adsorption performance in batch vs. fixed-bed column

In practical water/wastewater treatment applications, a fixed-
bed column configuration is usually preferred over the batch
configuration. To illustrate this point; the performance of
MO adsorption on Fe-BTC in batch and fixed-bed column
configurations is compared at the following conditions: (1)
MO initial concentration is 15 mg/L, (2) Fe-BTC dosage is
150 mg, (3) pH is 6 (normal pH without adjustment), and
(4) the temperature is 25 °C.

The results from the batch adsorption experiments at the
aforementioned conditions showed that the final removal
efficiency was around 97% (see Figure S7), which corre-
sponds to normalized concentration (C/C,) of 0.03, while
the total volume of the treated MO solution was 50 mL.
Interestingly, when the fixed-bed column configuration was
utilized, the value of C/C, for the same volume of treated
MO solution was zero (see Fig. 4b). Furthermore, to reuse
the treated water in the batch mode, an additional separa-
tion step had to be implemented to separate the liquid from
the solid, contrary to the column mode where the adsorbent
packing was fixed in the column, while the liquid passed
through the bed. These findings demonstrate the advantage
of the fixed-bed configuration over the batch configuration.

* @ Springer

Kinetic modeling of fixed-bed column breakthrough

Empirical breakthrough models The relative change in
the concentration of MO to the original concentration over
time (C/C,) was fitted to four models whose calculated
parameters are summarized in Table 2. It was found that
Thomas and Y-N models had the same fitting coefficients
(Rz, RMSE, and SSE), but the Clark model was marginally
better while the MDR model had the best fitting coefficients
(highest R* and lowest RMSE, and SSE). The experimental
and the MDR-predicted BTCs at different bed depths are
shown in Fig. 5.

The results of the Thomas model showed that gy
increased as the bed depth increased, while Ky decreased,
which can be explained by the additional available adsorp-
tion sites when bed depth is increased, consequently result-
ing in longer breakthrough time (Chu 2010; Cruz-Olivares
et al. 2013). Similarly, Ky, decreased with an increase in
bed depth, whereas the value of 7 increased. The increase
in 7 is expected since larger bed depth will increase contact
time in the bed as manifested by the rise in EBCT, lead-
ing to a longer breakthrough time and subsequently longer
time to reach a 50% breakthrough (Xu et al. 2013; Podder
and Majumder 2016). In addition, it can be noticed that
the values of 7z in Table 2 were satisfactorily close to the
experimentally determined f5, presented in Table 1. Finally,
the results of the Clark model showed that the value of A
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Table2 Summary of the calculated parameters of the kinetic models

at different bed depths
BTC Model Parameters Z (cm)
0.75 1.50
Thomas Gy (mg g™ 24.58 25.97
Ky (mLmg='h™h) 3732 1.972
R’ 0.980 0.986
RMSE 0.054 0.039
SSE 0.080 0.049
Yoon—Nelson (Y-N) Kyy (h7 0.056 0.030
7 (h) 546 1154
R? 0.980 0.986
RMSE 0.054 0.039
SSE 0.080 0.049
Clark A 14.38  20.25
rh™) 0.053 0.028
R? 0.982 0.988
RMSE 0.052 0.036
SSE 0.072 0.042
Modified Dose Response dyor (Mg g7hH 22.39 24.14
(MDR) AR 2.344 2.801
R? 0.995 0.999
RMSE 0.028 0.012
SSE 0.021 0.004
1.0 L
____ H_----""
o -
0.8 - ® . JPtae
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Fig.5 Comparison between the experimental and the predicted BTCs

increased with increasing bed depth while the value of r

decreased.

On the other hand, the calculated maximum adsorption
capacity from the MDR model (gypr) increased with the
increase in the bed depth, similar to the Thomas model, and
the value of a;pg increased as well. The calculated gypgr
values were well close to the experimentally determined

maximum bed adsorption capacity (g,,,.)- Finally, it was
noticed that at the initial operating time, the predicted C/C,,
values from the Thomas, Y-N, and Clark models were all
greater than zero, which is not in agreement with the experi-
mental data. The MDR model was the only one to fit the
experimental data at the initial operating time when the val-
ues of C/C, were zero or very close to zero. This finding
is significant since overestimating C,/C, leads to predicting
that the breakthrough time is reached prematurely, which is
undesirable in the operation of a fixed-bed column because
the actual column capacity will not be fully utilized (Yan
et al. 2001).

Analytical solution of the dynamic advection-dispersion-
adsorption model In order to confirm the validity of the
linear adsorption isotherm assumption, the equilibrium iso-
therm data at 298 K from the batch experiments at low MO
concentration range were fitted to Eq. (29). The results in
Figure S12 reveal that the adsorption can be expressed by
the linear isotherm model in the low concentration range (R>
is 0.950), while the Langmuir model fits the complete range
of MO concentrations (as shown in the batch adsorption iso-
therms section). Also, the initial MO concentration used in
the fixed-bed experiments was 15 mg/L, which is in the low
concentration range; thus, the assumption of linear adsorp-
tion isotherm is reasonable to be used in the solution of the
breakthrough model. In addition, the value of K} calculated
from the linear isotherm was found to be 1.513 L/g.

It is evident that the experimental breakthrough data fit-
ted well the analytical model at both bed depths (as shown
in Fig. 6) with R?>0.99 and low RMSE and SSE values,

which are presented in Table 3. The results show that D

increased as the bed depth increased, which suggests that
the axial dispersion of the fluid in the column is significantly

10 X X
0.8 4
0.6 4
o
Q
O 0.4+
0.2 4
® Z=0.75cm (150 mg)
m Z=1.50cm (300 mg)
0.0 Analytical solution
(.) 5I0 1 (.)0 1 éo 260 2;0 300
Time (h)

Fig.6 The analytical solution model fitted to the experimental break-
through data
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Table 3 Summary of the Z (cm) Parameters R RMSE SSE
calculated model parameters at
different bed depths Ky (L/g) D g (cm?/s) Dy (cm?/s)
0.75 1.069 7.56x1077 1.04x1073 0.9949 0.0274 0.0203
1.50 1.076 1.01x1076 1.39%1073 0.9977 0.0155 0.0079

impacted by the change in bed depth, which influences the
adsorption performance of the column. Also, the values of
D4 were converted to the longitudinal dispersion coefficient
(D) by multiplying with R; (Table 3), which are useful in
the scale-up and design of the fixed-bed adsorption column
for MO removal from water. Furthermore, the values of Kp
calculated at both bed depths are of the same order of mag-
nitude as the one calculated from the batch-scale experi-
ments (Figure S12), which indicate that the linear isotherm
assumption is valid at the lower MO concentration range,
and that the performance of MO adsorption is similar in
both systems. The slightly higher values of K, in the batch
experiments compared to the column experiments suggest
that Fe-BTC/MO equilibrium is better achieved in the batch
system.

The analytical model was utilized to predict the influ-
ence of bed depth (Z) on the breakthrough curve. For this
purpose, a 3D surface plot representing the breakthrough
curves (BTCs) for bed depth between 0 and 5 cm and oper-
ating time from 0 to 300 h was generated from the model
based on the calculated parameters using OriginPro (2020,
version 9.7). Also, the experimental BTCs were superim-
posed on the 3D surface to illustrate the matching between
the predicted and measured BTCs. The 3D surface plot
in Fig. 7a represents the BTC of MO adsorption on Fe-
BTC in the fixed-bed column, which can be useful for

(a)

the prediction of adsorption BTCs at different bed depths.
Besides, Fig. 7b represents the contour plot generated from
the 3D surface plot in which each line is equivalent to the
corresponding C/C, on each BTC on the surface (0.1 is
for ., and 0.9 is for 7). It can be noticed that as bed depth
increases, the gap between the lines representing break-
through and exhaustion times increases as well, signaling
the broadening of the BTC and increase in breakthrough
and exhaustion times. This can be attributed to the expan-
sion of the MTZ resulting from the increase in the avail-
able surface area of Fe-BTC in the column.

In addition, the analytical model was used to analyze the
mass transfer zone (MTZ) along the length of the column.
This was done by setting C/C, at 0.1 and 0.9, and then solv-
ing for #, and ¢, respectively. The model was solved at bed
depths from O to 500 cm and the determined #, and 7, values
were used to calculate the length of the MTZ corresponding
to each bed depth using Eq. (6). Then, the calculated lengths
of MTZ were plotted against the corresponding bed depths.
Figure S13 illustrates that as the bed depth increases, the
length of the mass transfer zone increases, which is consist-
ent with the findings from the experimental results. Also,
it can be seen that the relation between the length of MTZ
and bed depth is not linear, which is also in agreement with
previously reported studies (Naja and Volesky 2006; Api-
ratikul 2020).

(b)

Bed Depth (cm)

Time (h)

Fig. 7 a 3D surface plot of MO adsorption on Fe-BTC. b Contour plot for MO adsorption on Fe-BTC
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Conclusion

In conclusion, Fe-BTC was proven to be an efficient adsor-
bent to be utilized for the removal of methyl orange from
aqueous solution in both batch and continuous setups
under several experimental conditions. The kinetic analy-
sis showed that the adsorption of MO onto Fe-BTC was
rapid, and the equilibrium was reached in 60 min. The pH
experiments revealed that Fe-BTC could be used over a
wide range of pH and maintain high removal efficiency
and adsorption capacity. Also, the maximum adsorption
capacity reached 114 mg/g at 313 K. In addition, it was
found that the adsorption process follows the Elovich
model (R2> 0.99), while, according to the isotherm analy-
sis, the Langmuir isotherm was the best to describe the
equilibrium data (R*>0.99). Moreover, thermodynamic
parameters indicated that the adsorption process was
spontaneous (AG° was consistently negative), endothermic
(AH° was 16.86 kJ mol™!), and entropically favored with
AS° of 162.4 T mol~! K~!. Furthermore, electrostatic inter-
actions and n—r stacking/interaction were concluded to be
the primary mechanisms in MO adsorption on Fe-BTC.
The fixed-bed column results showed the breakthrough
time at 0.75 cm bed depth was 20.0 h while at 1.5 cm, it
was 46.2 h. Also, increasing the bed depth increased bed
removal efficiency and the column’s maximum adsorp-
tion capacity. The analysis of the breakthrough experi-
mental data showed that MDR is the best model to pre-
dict the breakthrough curve. In addition, the analytical
model obtained from the solution of the advection—dis-
persion—adsorption mass transfer partial differential equa-
tion illustrated excellent fitting to the experimental BTC
data. The model was also utilized to construct a 3D surface
plot that can be used to predict the BTC at different bed
depths. Moreover, the desorption experiments revealed
that Fe-BTC was easily regenerated by a simple washing
using ethanol at room temperature. Finally, it has been
demonstrated that the iron-based metal-organic frame-
work has excellent potential for industrial-scale adsorp-
tion applications.
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