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� Diatomite embedded nanopyroxene
was effective in removing Cr(VI) from
tannery effluent.

� Batch and column adsorption tests
were conducted.

� Breakthrough curves were described
by the dimensionless advection-
dispersion transport model.
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a b s t r a c t

A commercial filter aid material of Diatomite was modified via loading it with a low mass fraction of
polyethylenimine-functionalized pyroxene nanoparticles (PEI-PNs) to enhance its adsorption activities.
The modified Diatomite was then used for Cr(VI) removal from dichromate solution and from real
tannery wastewater. For the synthetic wastewater, batch adsorption experiments were first performed at
various pH and Cr(VI) initial concentrations. Then, the obtained kinetic parameters were used to
investigate the continuous adsorption inside the fixed-bed column. The continuous removal of the Cr(VI)
was performed inside a fixed-bed column under various influent flow rates, Cr(VI) initial concentrations,
and bed-heights. In the column experiments, high adsorption of Cr(VI) was observed at low flow rates,
high bed heights, and low influent initial concentrations. A dimensionless form of the advection-axial
dispersion model, featuring Peclet number as a fitting parameter, was then used to study the break-
through behavior under various dynamic parameters. Afterward, the modified Diatomite was used to
remediate well characterized real tannery wastewater. For the treatment of the tannery wastewater, our
modified filter aid, compared with the non-modified one, showed an outstanding performance and a
higher removal efficiency.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The leather tanning industry has a major relevance in the global
economy, covering more than 50% of the leather demand (Benhadji
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et al., 2011; Elabbas et al., 2016; Fabbricino et al., 2013). It is
recognized as a primary source of pollution, due to the large vol-
umes of wastewater resulting from the use of various kinds of
complex and hazardous raw materials involved in processing the
final products (Wang et al., 2016; Nath et al., 2005). Thus, the
effluent of leather tanning industry poses a serious environmental
threat, especially when it contains high levels of salinity, organic
load (chemical oxygen demand (COD) and biological oxygen de-
mand (BOD)), inorganic matter, dissolved and suspended solids,
ammonia, and some other pollutants (e.g., sulfide, chromium,
chloride, sodium and other salt residues) (Wang et al., 2016; Nath
et al., 2005; Lofrano et al., 2013; Saxena et al., 2016). Chrome tan-
ning, as mostly adapted, is a process that performed for raw feed-
stocks materials like hides and animal skins to produce leather as a
final product (Menderes, 2002; Chandrasekaran et al., 1999). Basi-
cally, chrome tanning is a transformation process of the perishable
raw feedstock material into a durable one through chromium and
other inorganic agents. During the tanning process, the function of
chromium salt is to form, through complexation with the poly-
peptide collagen components of leather, a protective layer, which
prevents water from penetrating the leather pores and, conse-
quently, from putrefaction (Menderes, 2002; Chandrasekaran et al.,
1999; Ball, 2007). Prior to the chromium tanning process, the
leather takes up only 60e80% of applied chromium, and the rest is
discharged into the sewage system, causing serious threats to the
living organisms and to the environment in general (Wang et al.,
2016; Nath et al., 2005; Menderes, 2002; Chandrasekaran et al.,
1999; Ball, 2007). Excess chromium ions in the discharged liquid
tanning wastewater are divided into two forms; trivalent Cr3þ and
hexavalent Cr6þ. The hexavalent chromium form is 500 times more
toxic than the trivalent form (Fabbricino et al., 2013). Although
some investigators have successfully reduced the chromium con-
tents of the wastewater effluent, by utilizing host treatment tech-
niques, below the stipulated values, their techniques were costly
ineffective and required using plenty of environmentally-harmful
chemicals (Wang et al., 2016; Nath et al., 2005; Menderes, 2002;
Chandrasekaran et al., 1999; Ball, 2007). Aber et al., for instance,
suggested a treatment method by using electrocoagulation. Aber
et al. achieved a high percentage of Cr (VI) removal from polluted
solutions (Aber and Mirzajani, 2009). Nevertheless, electro-
coagulation discharges huge amounts of sludge and byproducts.
Moreover, it requires high operational and capital costs. In general,
most of the reported techniques have some serious negative envi-
ronmental impacts and some shortcomings and, therefore, extra
attempts should be made into developing an effective, environ-
mentally safe, low cost methods, for removing toxic pollutant from
aquatic environments (Saxena et al., 2016). Adsorption, when
combined with an appropriate wastewater treatment method, is
considered an effective and versatile method for removing chro-
mium ions (Li et al., 2016; Gheju et al., 2016; Shahrak et al., 2017).
Many sorbents (e.g., wool (Yunden et al., 2019), olive cake (Calero,
2018) and charcoal (Agarwal and Gupta, 2015) showed a great
performance for the removal of chrome. However, most of these
sorbents, and even sorbents with larger surface areas (Stoquart
et al., 2012; Mohan and Pittman, 2006), exhibited low adsorption
capacity and slow process kinetic.

Recently, research has heavily involved the use of advanced
nanoparticle technology in the area of water treatment. Nano-
technology holds the promise of creating new effective adsorbents,
at the nanoscale, with high activity and large surface area per
volume ratio (Shahrak et al., 2017). Nanoparticles have unique
adsorption properties due to the presence of excellent distributions
of active surface sites and surface multi-functionalities (Qu et al.,
2013). Metal nano-oxides, unlike many adsorbents, have shown
fast and superior adsorption removal capacity of various heavy
metals fromwastewater (Qu et al., 2013; Xu et al., 2012). However,
applying such nanoparticles for water treatment can only be
effective if they are stable under aqueous conditions (Qu et al.,
2013; Xu et al., 2012). As a result, surface functionalization has
been widely used to enhance nanoparticle stability, using various
agents and polymers (Xin et al., 2012; Huang and Chen, 2009).
Minimizing nanoparticle aggregation is achieved either by applying
the chemical agents or polymers in-situ, where treatment is
needed, or by loading a low mass fraction of nanoparticles into a
support like clay, sand or Diatomite. In this study,
polyethylenimine-functionalized nanopyroxene (PEI-PNs) were
loaded into filter aid material of Diatomite, at low mass fraction, to
provide a better dispersion of the nanoparticles, and to maintain a
reasonable flux that would facilitate the regeneration of the spent
materials after adsorption by backwashing (Hethnawi et al., 2017a,
2018). Loading a small mass fraction of nanomaterial into Diatomite
converts it into a hybrid medium that is able to enhance the
removal efficiency of the containment via adsorption. In the current
study, we demonstrate the capability of the hydride filtration col-
lector of Diatomite before and after loading with a small mass
fraction of PEI-PNs in removing chromium ions from dichromate
solution and real tanning wastewater, using both batch and fixed-
bed treatment modes. In the batch adsorption study, we investi-
gated the effects of pH and the initial concentration of chromium,
to evaluate the equilibrium parameters. Afterward, for the fixed-
bed column experiments, by involving the equilibrium parame-
ters obtained from the batch experiments, we investigated the ef-
fects of dynamic parameters (e.g., flow rate, inlet concentration,
and bed height). Finally, the obtained breakthrough profiles were
described using a dimensionless convection-axial dispersion
model.

2. Materials and methods

2.1. Diatomite loaded with nanoparticles

Diatomite (DICALITE 4500, Dicalite Minerals Corp., Burney, CA,
USA) loaded with polyethyleneimine-functionalized pyroxene
nanoparticles (PEI-PNs) at low mass percentage (<5 wt%) nano-
particles was synthesized following our previous work (Hethnawi
et al., 2017b). In brief, the preparation of nanopyroxene was
accomplished following the solution-gel method as reported in our
previous studies (Hethnawi et al., 2017b; Hmoudah et al., 2016).
Here the pyroxene nanoparticles were generated from a hydro-
thermally treated gel of iron silicate. The gel was prepared through
mixed acid solution of iron and basic solution of silica. The acid
solutionwas composed of 18.067 g of sulfuric acid (95e98%), 90 g of
deionized, and anhydrous iron tri-chloride (97%wt). The silicate
solution contained 21.42 g of sodium hydroxide (99.99%), 60 g of
deionized water, and 30.70 g of sodium silicate ((10.6%) Na2O, and
(26.5%) SiO2). After mixing, a hydrothermal crystallization for the
resulting gel was performed at mild conditions inside a 300-mL
reactor vessel for 72 h before washing the treated gel and recover
the nanopyroxene. The recovered nanomaterials were directly
added to 1.6 wt% of polyethyleneimine (PEI) for functionalization at
room temperature without surface modifications. Then, 1 g of the
functionalized nanoparticles were mixed with 19 g of Diatomite
and 100 mL deionized water inside 200-mL glass bottle for 15 min.
After that, the mixture was dried under vacuum, forming Diatomite
embedded with PEI-PNs, noted as D-PEI-PNs at 5 wt%. Neat Diat-
omite was also used as adsorbent for comparison purposes. Table 1
lists a summary of obtained characterization results for PN, PEI-PN,
Diatomite, and D-PEI-PN as reported from our previous study
(Alnajjar et al., 2019). The charchterization results include the
BrunauereEmmetteTeller (BET) surface areas (m2/g) and crystaline



Table 1
Summary of the obtained characterization results for PN, PEI-PN, Diatomite, and D-
PEI-PN (Hethnawi et al., 2017b).

Material BET surface area (m2/g) Crystaline size domain
(nm)

PN 179 10.0 ± 2
PEI-PN 118 10.0 ± 2
Diatomiate (D) 0.31 25.5 ± 3
D-PEI-PN 12.04 45.5 ± 3
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domain sizes (nm) of the previously mentioned materials. As
shown, the surface area of PN was reduced via functionalizing the
surface with PEI due to coating the nanoparticle surface with the
polymer, while the crystaline domain sizes were unchanged with
functionalization. Also, the surface area and crystaline domain size
were enhanced for the Diatomite through loading the surface with
5wt% of nanoparticles. Presence of PN on the Diatomite surface and
the change in Diatomite structure through loading the nano-
particles were analyzed by field emission Quanta FEG 450 scanning
electron microscopy) SEM) and high-resolution transmission
electron microscope (HRTEM). Fig. 1 shows HRTEM images that
were obtained for the Diatomite before (Fig.1a) and after loading its
surface with PEI-PN (Fig. 1b). As shown, HRTEM observation of
Diatomite before the surface modifications exhibit smooth clean
surface with seriate edge (Fig. 1a1 and 2). Also, certain Diatomite
frustules display a high density of regularly ordered pores that are
rigid in shape, and occasionally arranged in parallel sets with uni-
form pore spaces giving a honey-comb structure. Fig. 1b1 and 2
Fig. 1. HRTEM for the Diatomite before (a, 1and 2) and after anchoring
show clearly the structural changes in presence of low crystal-
linity nanoparticles. The micrographs of the same samples were
also analyzed by SEM (Fig. 2). In the absence of nanoparticles,
Diatomite with an amorphous silica structure is recognized
(Fig. 2a). However, Diatomite frustules were partially modifiedwith
a good distribution of nanocrystals of PEI-PN (Fig. 2b). Pyroxene
nanoparticles (PN) have negatively charged iron bonded to posi-
tively charged PEI (primary and secondary amine groups), resulting
in a positively charged surface, indicating a strong capability of the
functionalized nanoparticles to electrostatically adsorb negatively
charged pollutants (e.g., dichromate). Accordingly, modifying the
Diatomite surface with such functionalized nanoparticles can
create a strong affinity towards removing the chromium ions from
the dichromate and tannery wastewater solutions.
2.2. Adsorbate

Potassium dichromate (K2Cr2O7, 99%) purchased from Sigma
Aldrich, Ramallah, Palestine, and used as the source of chromium.
Real tannery wastewater sample was obtained from the main
drainpipe of a local tannery (AL-Fahis tannery, Hebron, Palestine) in
July 2, 2018 in a pre-washed dried tightly capped glass container
and kept stored in a dark incubator at 23 �C prior to analysis, which
was performed immediately after stabilization. Then, the metal
composition of the collected sample was measured by using the
inductivity coupled plasma atomic emission spectroscopy (ICP-OES,
Thermo Scientific ICAP series) analysis followed by Fourier trans-
form infrared spectroscopy (FTIR) analysis. Calibration curves for
Chromium, Lead, and Nickel detections by ICP were built using
PEI-PN (b, 1and 2). Line marks in the image corresponds to 20 nm.



Fig. 2. SEM images for Diatomite before (a), and after anchoring PEI-PN (b). Line marks in the images corresponds to 1 mm.
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Dashboard-iCAP with ASX560. For the calibration curves, standard
solutions for the aforementioned metals were used, which were
purchased from Sigma Aldrich at purities of 99.5, 98, and 99.5%,
respectively. The FTIR analysis was conducted by an IRAffinity-1S
instrument that was manufactured by Shimadzu Corporation. The
analysis was operated in a diffuse reflectance mode in the range of
4000-400 cm�1 with a 4 cm�1 resolution and spectrum average
scans of 50. Potassium bromidewas used for dispersing the powder
sample (2 mg per 200 mg, 1%wt/wt).
2.3. Batch adsorption experiments

To test the capability of Diatomite loaded with PEI-PNs (D-PEI-
PNs) towards removing chromium ions from the dichromate so-
lution, a series of batch adsorption experiments were conducted at
298 K. All the batch experiments were performed in 20 mL glass
vials, such that 100 mg of D-PEI-PNs was added to each vial. For
adsorption isotherm study, each vial was loaded with 10 mL of
different initial concentration of chromium, ranged from 10 to
200 mg/L. The vials were tightly sealed and shacked on a platform
shaker (New Brunswick Scientific, model: Innova 2300) at 200 rpm
for 4 h, enough time to attain the equilibrium. After that, the
samples were left on the bench over night to allow the adsorbent to
settle. Then, the supernatant was decanted, and filtered through
0.45 mm syringe filter (Sterlitech, Kent, WA, USA). The residual
chromium concentration in the supernatant was measured using
UVevis spectrophotometry (SL-218, UVevis spectrophotometer,
ELICO Ltd, Hyderabad, India) using awavelength (lmax) of 470 nm. A
calibration curve of the UVevis absorbance at 470 nm against the
standard chromium concentrations was established, such that the
absorbance of each standard solutionwas measured and correlated
with its concentration in a linear relationship that represents
concentration against absorbance. The calibration curve then was
used to estimate the concentration of each sample before and after
adsorption, allowing to calculate the percentage removal and
adsorbed amount of chromium following equations (1) and (2),
respectively. For the case of real wastewater sample, the superna-
tant was also analyzed for nickel (Ni) and lead (Pb) concentrations
using an inductively coupled plasma-atomic emission spectroscopy
(ICP-OES).
% Removal of Cr¼Cinitial � Cfinal
Cinitial

X100% (1)

where Cinitial and Cfinal are the concentrations of chromium solu-
tions before and after the batch adsorption experiments, respec-
tively. The adsorbed amount of chromium ions (mg of chromium
per g of adsorbent) was calculated as shown in Equation (2):

q¼ V
m

ðCo �CÞ (2)

where V, m, Co and C are the volume of adsorbent (mL), mass of
adsorbent (g), the initial concentration in solution (mg/L), and the
final concentration (mg/L), respectively. For equilibrium data, Ce

replaces Co, and qe replaces q in Equation (2). Langmuir-Freundlich
combined model (Sips model) represented by Equation (3)
(Hamdaoui and Naffrechoux, 2007; Foo and Hameed, 2010) was
used to describe the adsorption isotherm.

qe ¼ kqm Cn
e

1þ k Cn
e

(3)

where k, qm, and n are Sips equilibrium constant (L/mg)n, maximum
adsorption capacity (mg/L), and heterogeneity coefficient (dimen-
sionless) that express the sensitivity of the model towards Lang-
muir or Freundlich models. The model tends to be fully
Langmuirian if the n value is equal 1.0. Having zero value of n
suggests Freundlich isotherm model (Hethnawi et al., 2017a).

For the pH-dependent studies, chromium adsorption experi-
ments were carried out at 298 K and 200 rpm for 24 h of mixing in a
platform shaker. Aliquots of HNO3 or NaOH were used to adjust the
pH over the range 2e12. The mixture was shaken for specified time
intervals and samples were selected at predetermined time in-
tervals and analyzed for chromium concentration. All experiments
were performed in triplicates to ensure the results are reliable, and
the standard deviations were calculated and presented.
2.4. Column adsorption study

Fixed bed column experiments were carried out at certain
operational parameters. Fig. 3 shows a schematic representation of
the considered experimental setup. The setup composes of a



Fig. 3. Schematic representation of fixed-fixed bed column setup (not to scale) with the operating parameters of inlet chromium concentration (Co), flow rate (Q) and bed height
(Z): (a) chromium feed tank, (b) syringe pump, (c) fixed bed column, and (d) clean water sampling.
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vertical glassy column with diameter and length of 0.9 and 15 cm,
respectively. The setup also contains a storage tank connected to a
syringe pump to feed the column with a controllable flow rates of
wastewater solution. The adsorbent particles were packed in the
column to the specified height. Two 1 cm cotton layers were placed
at the bottom and top of the bed to improve flowdistribution and to
prevent escaping of adsorbent particles.

Each column experiment was performed by injecting the
wastewater solution to the column in an upward mode, and the
effluents were collected periodically from the bottom of the col-
umn. Then, the concentration was recorded at certain time in-
tervals using UVevis spectrophotometry. The flow was
continuously provided till the breakpoint is reached, where the
column is saturated and no significant difference between the inlet
and outlet concentrations is noticed. Here, we carried out nine
separate experiments to investigate the effects of four dynamic
parameters, namely: type of adsorbent, inlet flow rate, inlet con-
centration, and bed height. Three different adsorbents (i.e., AC,
Diatomite, and D-PEI-PNs) were tested under constant inlet flow
(1 mL/min), initial concentration (200 mg/L), and bed height
(7.5 cm) for comparison purposes. Then, the best adsorbent was
selected and used to investigate the other operational parameters.
Three runs were performed for each operating parameter, at three
flow rates of (1, 1.5, and 2 mL/min), with chromium initial con-
centrations of (100, 150, 200 mg/L) and bed-heights (2.5, 3.5, and
7.5 cm). To validate the applicability of the D-PEI-PNs in removing
chromium from real tannery effluent, two fixed bed experiments
were carried out on real tannery effluent sample at initial chro-
mium concentration of 200 mg/L, flow rate ¼ 1 mL/min, and bed
height ¼ 7.5 cm for neat Diatomite and Diatomite loaded with PEI-
NPs.
2.5. Column desorption experiments

To test the recyclability of D-PEI-PN, the spent material inside
one saturated columnwas backwashed with an aqueous solution of
HNO3 (pH ¼ 5) at a flow rate of 1 mL/min in downflow mode. For
every cycle, the regeneration efficiency (ER%) is estimated by the
following equation:

ER%¼ qTc
qo

� 100% (4)

where qTc and qo are the total capacity for every cycle and the
original capacity of the column, respectively.

2.6. Breakthrough analysis and modeling

In fixed bed adsorption, the concentrations in the fluid phase
and the solid phase change with time. At first, most of the mass
transfer takes place near the inlet of the bed, where the fluid
contacts the adsorbent and the chromium ions get adsorbed
forming a mass transfer zone at the entrance (Hethnawi et al.,
2017a, 2018; Ghorai and Pant, 2005). This zone progressively
moves downward with time to prevent attaining the equilibrium
inside the column. When the mass transfer zone reaches to the
bottom of the column, the breakpoint is obtained at which the inlet
concentration over the outlet (Ct/Co) is at around 0.05; where the
time is identified as breakthrough time (tb) (Hethnawi et al., 2017a,
2018; Ghorai and Pant, 2005). After tb, the outlet concentration is
gradually changed till the column gets nearly saturated at Ct/Co of
0.95, where the saturation time (ts) is obtained (Hethnawi et al.,
2017a, 2018; Ghorai and Pant, 2005). Thus, plotting Ct/Co against
time forms breakthrough curve (BTC) that has a typical S-shape and
the performance towards removing the chromium ions can be
estimated by determination of designed parameters of the exper-
imental breakthrough curves that are listed in Table 2. These pa-
rameters describe the performance of the adsorption bed through
the obtained breakthrough curve data and are of importance for
determining the dynamic behavior of the bed. The designed pa-
rameters shown in the table are the total time (tt), useable time (tu),
length of unused bed (HUNU), adsorbed quantity inside the column
(qT), amount chromium ions sent to the column (mtotal), and per-
centage removal of chromium (%Removal) can describe the per-
formance of the fixed-bed column toward removal of chromium.
From the table also, HT, Co, Ct, Q, and t are the total bed height (cm),
the inlet concentration in mg/L, the outlet concentrations in mg/L,



Table 2
Designed parameters of the experimental breakthrough curves.

Parameters Equation Reference

Total time (tt)
tt ¼

Z ts

0

�
1 � Ct

Co

�
dt

(Hethnawi et al., 2017a, 2018; Ghorai and Pant, 2005)

The useable time (tu)
tu ¼

Z tb

0

�
1 � Ct

Co

�
dt

(Hethnawi et al., 2017a, 2018; Ghorai and Pant, 2005)

The length of unused bed (HUNU) HUNU ¼
�
1 � tu

tt

�
HT

(Hethnawi et al., 2017a, 2018; Ghorai and Pant, 2005)

The adsorbed quantity inside the column (qT)
qT ¼ QCo

1000

Z t¼ttotal

t¼o

�
1 � Ct

Co

�
dt

(Hethnawi et al., 2017a, 2018; Ghorai and Pant, 2005)

The amount chromium ions sent to the column (mtotal) mtotal ¼ CoQttotal
1000

(Hethnawi et al., 2017a, 2018; Ghorai and Pant, 2005)

The percentage removal of chromium (%Removal) % Removal ¼ qT
mtotal

� 100 (Hethnawi et al., 2017a, 2018; Ghorai and Pant, 2005)
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the flowrate in mL/min and the time (min), respectively.
Furthermore, these parameters are helpful in finding the per-

formance of certain adsorbents towards the removal of chromium
ions, and their values are strongly influenced bymanipulating some
operational parameters like the inlet flow rate, influent initial
concentration, and bed-height. In the pilot scale, the kinetic
behavior of a fixed-bed column can be explained and the charac-
teristic BTC of the adsorption phenomena can be obtained through
mathematical models (Hethnawi et al., 2017a, 2018; Ghorai and
Pant, 2005). In the earlier studies, the kinetics is described using
a mathematical model that takes into account the external and
internal mass-transfer resistances with a non-ideal plug flow
behavior, without accounting for the axial dispersion along the
column (Call et al., 2017; Malkoc and Nuhoglu, 2006; Aksu and
G€onen, 2004; Han et al., 2007). However, presence of axial
dispersion along the column is an important aspect, which has not
been accounted for so far. In our previous studies, we developed an
advection-axial dispersion model for explaining the kinetic
behavior of adsorption phenomena incorporating the advection,
axial dispersion, and the rate of adsorption along the column length
as given by the following mass balance equation (Hethnawi et al.,
2017a, 2018):

� DL
v2C
vz2

þu
vC
vz

þ vC
vt

þ rb

�
1� ε

ε

�
vq
vt

¼0;

ð0 < z < L; 0 < t < ∞Þ
(5)

where C is the concentration of the bulk adsorbate (mg/L), DL is the
axial dispersion coefficient (m/s2), u is the interstitial velocity (m/s),
q is the mass ratio of the adsorbed amount of adsorbate to the solid,
z is the distance along the longitudinal axis of the bed (m), t is the
time, ε is the bed porosity, and rb is the bulk density (kg= m3). The
contribution of each term, from left to right, is described as follows:
axial dispersion, convection, transient term, and adsorption. In the
adsorption term, assuming the obtained data are represented by
the Langmuir model, (i.e., n ¼ 1) in equation (3), then Equation (5)
takes the final form

�DL
v2C
vz2

þu
vC
vz

þvC
vt

þrb

�
1� ε

ε

�
K qm

ð1þK CÞ2
vC
vt

¼0;

ð0< z< L; 0< t <∞Þ
(6)

Due to the nonlinearity of the adsorption term, an analytical
solution to this equation is difficult to find, if not impossible.
Therefore, numerical methods are used. The only unknown
parameter in Equation (6) is the dispersion coefficient, DL, which
can be found by fitting the experimental BTCs data with the nu-
merical solution of Equation (6). The value of DL could determine
the dominating mass-transfer resistance (film or pore diffusion
resistance) (Hethnawi et al., 2017a, 2018). However, DL depends
also on many geometrical parameters (e.g., the porosity and
adsorbent particle size) and its order of magnitude is highly sen-
sitive to the rate of adsorption as well as the variation of flow
conditions, especially if scaling up is needed to an industrial field.
Thus, combination of the phenomenological and geometrical pa-
rameters in dimensionless terms is more convenient to work with.
Therefore, dimensionless analysis could be applied by one of two
approaches: 1) we can solve the PDE, find the dispersion coefficient,
and then calculate the dimensionless parameters; 2) alternatively,
we can convert the PDE into a dimensionless form, solve it, and use
the dimensionless parameter of interest as the fitting parameter.
The second approach is more convenient and would result in less
number of variables, in addition to the ability to scale up. For
simplicity, we divide the analysis of the PDE into three steps: 1)
Introducing the dimensionless parameters as required; 2) Re-
writing the PDE in dimensionless form; and 3) Rewriting the
initial and boundary conditions in terms of the dimensionless pa-
rameters, and then solving for the PDE. Table 3 lists the dimen-
sionless parameters required for the PDE.

The differential terms vC=vt, vC=vz, and v2C=vz2 have been
replaced with their dimensionless counterparts as follows:

vC
vt

¼ Cin DL

d2p

vC
vt

: (7)

vC
vz

¼ Cin
L’

vC
vh

: (8)

v2C
vz2

¼ Cin
ðL’Þ2

v2C
vh2

(9)

By introducing these terms into Equation (6), and after rear-
rangement, one can obtain the following dimensionless equation:

�v2C
vh2

þPem
vC
vh

þ 1
r2

vC
vt

þrb
K qm

r ð1þK Cin CÞ2
vC
vt

¼0

ð0< h< 1; 0< t <∞Þ
(10)

Peclet number (PeÞ, which is a direct indicator of the rate
limiting mass transfer phenomena (convection or dispersion), was
used as the fitting parameter. The initial and boundary conditions
that describe the process in Equation (5) are given by

C¼ 0 ð0 < z < L; t¼0Þ (11)



Table 3
Dimensionless parameters for the PDE in Equation (6).

Dimensionless Number Description

r ¼
�
1� ε

ε

�
Void ratio

Sc ¼ y

DL

Schmidt number
y: kinematic viscosity

L’ ¼ dp ε

ð1� εÞ ¼ dp
r

Characteristic length of bed
dp: adsorbent diameter

C ¼ C
Cin

Normalized concentration

h ¼ z
L’

Dimensionless axial distance

t ¼ DL t

dp
2

Dimensionless time

Re ¼ u dp
r y

¼ u L’

y

Reynolds number (Re)

Pem ¼ Re� Sc ¼ u L’

DL

Peclet number over the characteristic length ðPemÞ

PeL ¼ Pem

�
L
L’

�
Peclet number over the real length of the column (PeL)
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uðCin �CÞþDL
vC
vz

¼0 ðz ¼ 0; 0 < t < ∞Þ (12)

vC
vz

¼0 ðz ¼ L; 0 < t < ∞Þ (13)

The dimensionless forms for these conditions are

C¼ 0
�
0 < h <

L
L’
; t¼0

�
(14)

ð1�CÞþ 1
Pem

vC
vh

¼0 ðh¼0; 0 < t < ∞Þ (15)

vC
vh

¼0
�
h ¼ L

L’
; 0 < t < ∞

�
(16)

Hence, Equation (10) is numerically simulated in Mathematica
software (v.10.2) and solved using Wolfram Mathematica package,
with NDSolve command, using the Method of Lines by fitting the
equation to the experimentally obtained breakthrough data. For
each set of data, the proper value of Peclet number was found by
minimizing the nonlinear error parameter c2. The error parameter,
c2, is obtained by minimizing the sum squares of the difference
between the experimental data and the numerical solutions
(Coleman et al., 1991).
Fig. 4. Initial pH effect on chromium uptake at initial concentration of 200 mg/L and
temperature of 20 �C.
3. Results and discussion

3.1. Batch adsorption study

3.1.1. Initial pH effect
Initial pH effect is an important parameter that affects the

adsorption of metal ions and controls the adsorption process. Many
previous studies have reported pH variation effect on chromium
uptake, and most of the studies have shown a remarkable decrease
in the removal efficiency as pH increases. This adsorption behavior
refers to the change of the surface charge and the degree of the
adsorbent ionization after changing the medium pH (Hossein et al.,
2019). However, The PEI-PN, as an active binding site within the
Diatomite structure, tends to have a constant effect at various
medium pH. In details, PEI-PN is composed of the PEI-
functionalized nanoparticles as active binding sites. PEI on the
nanoparticle surface has a wide range of buffering capacity (pH̴
pKa) due to the presence of amino groups at every chain within the
branched PEI, exhibiting positively charged surface at various pH
(Hethnawi et al., 2017b). Thus, it is expected to have constant
chromium uptake at various medium pH, which does not agree
with the results obtained from the pH study (Fig. 4). Fig. 4 shows
that increasing the pH value of the solution provided higher
removal of chromium ions. In fact, varying the pH value not only
influences the adsorbent surface, but also contributes to the ioni-
zation of the adsorptive molecules. As reported, the main ionic
species in the solution at pH < 3 is by far Crþ3, while for high pH, the
chromate or dichromate anions are more prevalent. Thus, the pH
was initially pre-adjusted at pH > 3 (Natale et al., 2015). Dissolving
the K2Cr2O7(s) in an aqueous solution produces an anionic dichro-
mate (Cr2O7

2�) and a cationic potassium ion (Kþ), as the following
chemical equation shows:

K2Cr2O7(s)/ 2 Kþ
(aq) þ Cr2O7

2�
(aq) (17)
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Dichromate ion, Cr2O7
2�

(aq), can be converted into a chromate
ion, CrO4

2�
(aq) and conversely, according to the following equilib-

rium chemical equation:

Cr2O7
2�

(aq)þ H2O(aq) # 2 CrO4
2�

(aq) þ 2Hþ
(aq) (18)

The extent to which these reactions occur is dependent upon
the concentration of the hydrogen ion, Hþ in the solution, which
can be impacted by the addition HNO3 and NaOH, causing a shift in
the equilibrium according to Le Chatelier’s principle (Cheung,
2007). As a result, increasing the pH will increase the concentra-
tion of CrO4

2� in the aqueous solution, leading to more electrostatic
interactions with the positively charged PEI-PN surface. Accord-
ingly, a high pHmedium ismore favored for adsorption of chromate
in the wastewater solution, and pH ¼ 9 was chosen as the best
operating pH for the adsorption process. Thus, the initial pH ¼ 9
was the appropriate equilibrium andwas used in all kinetic studies.
Fig. 5 shows a schematic representation of the chemical structure of
the repeated unites of the D-PEI-PN and their interaction mecha-
nism with chromate groups at pH ¼ 9.
Fig. 6. Adsorption isotherm of chromium (VI) onto adsorbent of silicon dioxide.
Adsorbent dose: 0.10 g; shaking rate: 200 rpm; and temperature: 298 K. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
3.1.2. Adsorption isotherm
By varying the initial concentration of chromium (VI) from 10 to

200 mg/L, the chromium removal by the adsorbent particles was
studied in a batch process under pH of 9 and temperature of 298 K.
The amount of chromium (VI) adsorbed in mg/g (chromium up-
take) and the extent of removal for the adsorbents at equilibrium
are shown in Fig. 6, which also includes the fitting of the equilib-
rium data (discrete points) with Sips model (continuous line). The
corresponding fitting parameters of K, Qm, and nwere estimated to
be 0.0001 (L/mg)n, 14.2 mg/g, and 1.0, respectively. These fitting
parameters were determined by applying a non-linear regression
for the equilibrium data using OriginPro 8 SR4 software Version
8.095. The non-linear regression was achieved by minimizing the
sum squares of the difference between the experimental data and
those obtained from Sips model through manipulating the value of
Chi-square (c2). The obtained value of c2 was around 0.012,
Fig. 5. Pictorial representation of the interaction mechanism of the chromate
indicating high level of agreement between the experimental data
and the Sips model. Also, the obtained maximum uptake (Qm) was
around 15 mg/g, due to presence of active binding sites (PEI-func-
tionalized nanoparticles) embedded in the Diatomite surface.
Furthermore, having heterogeneity coefficient values of unity in-
dicates that the isotherms had a Langmuirian trend, i.e., monolayer
adsorption.

3.2. Column adsorption

Fig. 7 shows the obtained breakthrough curves (BTCs) for the
groups (CrO4
2�) on the functionalized nanoparticles of PEI-PN at pH of 9.



Fig. 7. Experimental BTCs for the adsorption of chromium ion obtained for granulated
activated carbon (GAC) in comparison with Diatomite before (D-VR) and after loading
the nanoparticles of PEI-PNs (D-PEI-PNs). Experimental operating conditions: Feed
concentration ¼ 200 mg/L, flow rate ¼ 1 mL/min, bed height ¼ 7.5 cm, and
temperature ¼ 298 K.
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Diatomite before (D-VR) and after loading with PEI-PNs (D-PEI-
PNs) in comparison with the granulated activated carbon (GAC) at
constant operational parameters. As clearly noticed, the best
attainment breakthrough time was obtained for D-PEI-PNs with an
approximate tb value of 55 min. While GAC and D-VR had
approximate tb values < 10 min. Accordingly, D-PEI-PNs has the
highest uptake and maximum percentage removal of chromium
(VI) and hence, it was chosen to study the influence of the other
operational parameters (Q, Z and L).

Figs. 8e10a represent the experimental breakthrough curves
(BTCs) obtained from the fixed column experiments by varying the
influent chromium concentration (Co), inlet flow rate (Q), and bed-
height (L). Figs. 8e10b represent dimensionless analysis (dimen-
sionless time ðtÞ against normalized concentration (C)) of the ob-
tained BTC (triangular points) and their fitting with the numerical
solution of Equation (10) (dashed lines). Table 4 summarizes the
controlled parameters for the obtained BTCs (Co, Q, and L), the
Fig. 8. (a) Experimental BTCs for the adsorption of chromium ion obtained at influent conce
data (triangular points) together with their fitting with the numerical solution of Equatio
height ¼ 7.5 cm, temperature ¼ 298 K.
estimated designed parameters (tb, tt, %Removal, and Hunb), and the
obtained fitting parameters (Pem and PeL) from fitting the dimen-
sionless data points with the solution of Equation (9), together with
standard error analysis of the fitting in form of c2. As listed in
Table 4, increasing the chromium flow rate and inlet concertation
reduced the values of tb, tt, and % removal and their values
increased with higher bed-heights. The table also shows the nu-
merical values of the fitting parameters (Pem) obtained by fitting
the numerical solution of Equation (9) with the experimental BTC,
along with the values of PeL. As shown in Table 4, the values of PeL
tend to be close to one in most of the cases, which indicates an
equal contribution of convection and axial dispersion rates for
chromium adsorption inside the fixed-bed column through
changing all the operational parameters (Martin, 1977). These re-
sults are not in agreement with our previous study, which showed
high values of Peclet number in removing the total organic carbon
(TOC) even with using the same sorbent, especially at high flow
rates (Hethnawi et al., 2017a). These results prove that different
molecules have different diffusion resistance, e.g., transporting big
molecules like TOC through the column would provide high diffu-
sional resistance, leading to lowmolecular diffusion and high value
of PeL. Dichromate molecules, on the other hand, are smaller and
thus, expected to have faster diffusion inside the column, resulting
in high contribution of diffusion rate, as the limiting mass transfer
phenomenon, and as a result, low values of PeL (see Table 5).

3.2.1. Effect of feed concentration
As one of the limiting factors and a primary process variable, the

effect of chromium (VI) inlet concentration on the breakthrough
profiles was analyzed for chromium (VI) concentrations of (100,
150, and 200 mg/L) with constant flow rate (1 mL/min) and bed-
height (7.5 cm) (Fig. 8). As expected, by increasing the inlet chro-
mium (VI) concentration, a smaller volume of the effluent can be
treated by the fixed mass of the adsorbent (Hethnawi et al., 2017a,
2018; Dolatyari et al., 2017). On the other hand, when the inlet
concentration of chromium (VI) is low, a late breakthrough time is
observed, and a longer time is needed for the sorbent surface to
reach saturation. Thus, it can be noticed from Fig. 8 that as the inlet
concentration of chromium (VI) increased from 100 to 200 mg/L, a
faster breakthrough time and high adsorption uptake are obtained
inside the column, due to overcoming the mass transfer resistance,
which causes saturation of the limited number of binding sites and
resulting in leaving more chromium (VI) molecules un-absorbed in
ntrations of 100, 150, and 200 mg/L, and (b) dimensionless analysis of the experimental
n (10) (dashed lines). Experimental operating conditions: flow rate ¼ 1 mL/min, bed



Fig. 9. (a) Experimental BTCs for the adsorption of chromium (VI) ions obtained at inlet flow rates of 1, 1.5, and 2 mL/min, and (b) dimensionless analysis of the experimental data
(triangular points) together with their fitting with the numerical solution of Equation (10) (dashed lines). Experimental operating conditions: Co ¼ 200 mg/L, bed height ¼ 7.5 cm,
temperature ¼ 298 K.

Fig. 10. (a) Experimental BTCs for the adsorption of chromium ion obtained at bed-heights of 2.5, 3.5, and 7.5 cm, and (b) dimensionless analysis of the experimental data
(triangular points) together with their fitting with the numerical solution of Equation (10) (dashed lines). Experimental operating conditions: Co ¼ 200 mg/L, Q ¼ 1 mL/min,
temperature ¼ 298 K.

Table 4
Breakthrough curves (BTCs) experimental conditions, designed parameters, fitting parameters with dimensionless convection axial dispersion model together with standard
error analysis of the fitting in form of c2 for chromium adsorption inside the fixed bed column.

Experimental conditions Designed parameters Fitting parameters Error analysis

Q
(ml/min)

Co
(ml/L)

L
(cm)

tb
(min)

tt
(min)

%Removal Hunb

(cm)
Pem � 10�4 PeL c2

1.0 100 7.5 270 281.6 82.50 0.43 6.28 5.64 0.03
1.0 150 7.5 210 247.5 80.45 1.59 4.40 3.93 0.11
1.0 200 7.5 180 218.5 78.03 1.85 3.40 2.81 0.02
1.5 200 7.5 130 207.0 62.10 2.28 2.35 2.12 0.01
2.0 200 7.5 50.0 61.75 51.40 4.45 0.92 0.83 0.04
1.0 200 2.5 48.0 54.45 45.50 1.75 4.00 1.19 0.07
1.0 200 3.5 75.0 90.00 50.00 0.88 4.63 1.93 0.05
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the solution. Presence of more un-adsorbed chromium (VI) ions
provided less residence time and high rate of mass transfer. This
consequently led to an increase in the diffusivity and the axial
dispersion, which, in term of dimensionless number analysis, led to
a decrease in the value PeL
3.2.2. Effect of inlet flow rate
Fig. 9 shows the breakthrough data obtained by changing the

flow rate from 1 to 2 mL/min at constant bed height (7.5 cm) and
chromium inlet concentration (200 mg/L). As seen, increasing the
fluid velocity led to reducing the breakthrough time and decreasing
removal efficiency of chromium (VI). When chromium (VI) enters



Table 5
Adsorption-desorption parameters for the chromium removal through the three
backwash cycles.

Regeneration cycle number tb ER%

1 180 100
2 180 98
3 179 96

Fig. 11. Reusability of D-PEI-PN for adsorption and desorption of chromium from
wastewater during three regenerative cycles. Adsorption: Co ¼ 200 mg/L, Q ¼ 1 mL/
min, and Z ¼ 7.5 cm. Desorption: 0.05 mM of HNO3 at pH of 5 and Q ¼ 1 mL/min.
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the column at high speed, the available binding sites can be occu-
pied at less time, and thus the column get saturated faster and the
chromium-adsorbent contact time is reduced (Hethnawi et al.,
2017a, 2018; Dolatyari et al., 2017). With less residence time,
mass transfer rate increases when the flow rate increases, and the
BTC became steeper, i.e., the breakthrough time and adsorbed
chromium ions decrease. Inside the column, the residence time of
chromium ions was short for attaining the adsorption equilibrium
at high flow rate, and as a result, the front of the mass transfer zone
reached to the bottom of the column quickly, causing early satu-
ration of the column, and leaving more un-adsorbed chromium
ions from the column. This caused significant reduction in the
removal efficiency. Thus, with having high flow rate, the residence
time for the chromium ions inside the column is reduced. This leads
to reduce the rate of diffusion and axial dispersion that subse-
quently contributed in reduction of PeL as shown in Table 4
(Hethnawi et al., 2017a, 2018; Dolatyari et al., 2017).

3.2.3. Effect of bed height
Accumulation of chromium ions is highly dependent on the

quantity of the adsorbent inside the column (bed-height). To study
the effect of bed height on the BTC, chromium (VI) ion solutionwith
constant influent concentration of 200 mg/L and flow rate of 1 mL/
min was passed through the column at different bed heights
(Hethnawi et al., 2017a, 2018; Dolatyari et al., 2017). Fig. 10 shows
the performance of BTC at column depths of 2.50, 3.50, and 7.50 cm.
The results revealed that the dimensionless breakthrough time
increased with increasing bed height, due to having higher bed
capacity in presence of more sorption sites. As seen, the behavior of
the BTC profile at different lengths was similar, which confirms
having identical axial dispersion values in the absence of back
mixing. Thus, there is no presence of any relevant difference when
the general mass balance is applied in a small or in large column
under the same operational conditions (Hethnawi et al., 2017a,
2018; Dolatyari et al., 2017). At high bed depth, more amounts of
sorbent and binding site area available, which provide more resi-
dence time for the chromium ions to interact with the available PEI-
PN. Consequently, the value of axial PeL tends to increase linearly
with increasing the column depth, such that the effect of axial
dispersion is minimal, except when the bed is short for any com-
mercial packed-bed column operating under practical Reynold
number (Re). This justifies the use of a plug-flow assumption in the
simulation of short fixed-bed column.

3.3. Desorption and regeneration study

As pH plays role in the adsorption of chromium on D-PEI-PN, the
desorption of the spent material is considered an important aspect.
As shown in Section 3.2, low adsorption capacity of chromiumwas
obtained at low pH (pH < 6), indicating the possibility to reverse
the adsorption process through passing the spent material in
regenerating cycles. Fig. 11 represents the adsorptive and de-
sorptive breakthrough curves for the saturated column of D-PEI-
PN that were achieved through running three successive back-
washing cycles with 0.05 mM of HNO3 at pH 5. At low pH, the
chromium ion is desorbed and the PEI-PN tends to be protonated
rapidly (<10 min) with an identical breakthrough behavior of D-
PEI-PN after every regeneration cycle. These results are also
confirmed by Table 3 that shows similar values of tb and ER%. Thus,
the adsorption capacity of D-PEI-PN for removal of chromium ions
remains unaffected after the regeneration. Also, D-PEI-PN can be
considered as a good candidate for continuous removal of chro-
mium ions from wastewater.
3.4. Application to real tannery wastewater

After showing the capabilities of D-PEI-PN in removing chro-
mium (VI) ions from synthetic wastewater sample through batch
and continuous fixed-bed column, the performance towards
removal of chromium ions from a real sample is verified. From the
ICP-OES analysis, the real tannery wastewater sample contains
chromium, nickel, and lead as shown in Table 6. The concentration
of chromium (VI) reached up to 203 mg/L. The other metals had
very low concentrations in the tannery wastewater sample.

FTIR analysis (Fig. 12) was also carried out on the sample to
check if there is any organic compounds that might be bonded to
the chromium present in the wastewater sample. As shown from
the FTIR spectrum, a band is obtained at region 600e700 cm �1,
which is attributed to presence of CeS linkage. The band obtained
between 1020 and 1220 cm�1 is assigned to alkyl amine. The ob-
tained bands at regions of 1430-1420, 1510, 1610 cm�1 are attrib-
uted to stretching vibrations of aromatic C]C, and C]O,
respectively (Aging and Munajad, 2018), where the band at range
between 2850 and 2950 cm�1 is attributed to CeH stretching vi-
bration. Thus, the chromium ion present in the real tannery sample
could be bonded to alkyl, alkyl-amine, or phenolic compounds.
After characterizing the tannery sample, chromium removal effi-
ciency test was performed continuously inside the fixed-bed col-
umn by using diatomite before and after functionalizing it with PEI-
PNs. Both tests were performed at inlet flow rate, initial chromium
concentration, and bed height of 1 mL/min, 203 mg/L, and 7.5 cm,
respectively.

Fig. 13 shows the BTCs for both tests and the obtained designed
parameters of tb and tt for chromium (VI) are listed in Table 7. As
seen, the values of tb and tt are much higher than that obtained for



Table 6
ICP-EOS elemental analysis for chromium (VI), nickel, and lead for the real tannery wastewater.

Chromium (VI) Nickel Lead

Concentration
(mg/L)

Concentration
RSD

Concentration
(mg/L)

Concentration
RSD

Concentration
(mg/L)

Concentration
RSD

203 1.34 11.98 1.05 0.00 N/A

Fig. 12. FTIR spectrum for the dried wastewater sample of tannery at framework region 400-3400 cm�1.

Fig. 13. Experimental BTCs for the adsorption of chromium ion from real tannery
wastewater by using the Diatomite and D-PEI-PNs at Co ¼ 203mg/L, Q ¼ 1 mL/min, bed
height ¼ 7.5 cm.

Table 7
Breakthrough curves (BTCs) experimental conditions and designed parameters for
chromium (VI) adsorption from the real tannery wastewater inside the fixed bed
column.

Adsorbent Experimental conditions Designed parameters

Q
(mL/min)

Co
(mg/L)

L
(cm)

tb
(min)

tt
(min)

Diatomite 1.0 203 7.5 2 3.50
D-PEI-PNs 1.0 203 7.5 10 27.5
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standalone Diatomite, without nanoparticles.
4. Conclusion

A commercial filter aid material was modified with
polyethylenimine-functionalized pyroxene nanoparticles for
removing chromium (VI) from synthetic and real tannery waste-
water. The adsorption experiments were performed in batch pro-
cess followed by continuous fixed-bed column experiments. The
performance of fixed-bed column adsorption was dependent on
flow rate, bed height, and initial chromium (VI) concentration.
Higher adsorption efficiency was observed at lower inlet concen-
tration, lower flow rate, and higher adsorbent bed height. The
adsorption inside the column was satisfactorily described by a
dimensionless form of the convection-axial dispersion kinetic
model under different values of operational parameters (i.e., inlet
flow rate, initial concentration, and bed-height). Experimental data
were fitted to the convection-axial dispersion dimensionless
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model, with Peclet number being the fitting parameter. Based on
the values of Peclet number, the model predicts the mass transfer
rate limiting step (diffusion or convection, under the influence of
flow or concentration gradient via advection and axial dispersion
phenomena). The obtained Peclet number values tend to be close to
one in most of the cases, which indicates an equal contribution of
advection and axial dispersion rates for chromium adsorption in-
side the fixed-bed column through changing all the operational
parameters. The model also involves the kinetic parameters ob-
tained from the equilibrium batch adsorption experiment, which
was described by the Sips model. At equilibrium, the batch
adsorption study showedmaximum uptake around 15mg/g, due to
presence of active binding sites (PEI-functionalized nanoparticles)
embedded on the Diatomite surface. Furthermore, having hetero-
geneity coefficient values of unity indicates that the isotherms had
a Langmuirian trend, i.e., monolayer adsorption. This study con-
tributes to the evolution of nanoparticle technology in cleaning up
industrial effluents. It also sheds some lights on integrating nano-
particles in granular bed-filtration for combining filtration and
adsorption processes into one process for cost-effectively cleaning
up industrial effluents.
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