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Abstract

The present study analyzed the removal efficiency of Cr(VI) from synthetic and pharmaceutical wastewater streams using an
adsorption technique by magnetite coated sand. In this context, batch experiments were performed using synthetic and pharma-
ceutical wastewater to analyze the influence of contact time and adsorbent dose on the removal efficiency of Cr(VI) in two
different phases. Magnetite nanoparticles (Fe;O4) coated sand adsorbent was prepared by the coprecipitation method. The
performances of the two batch reactors treating synthetic and pharmaceutical wastewater were compared to analyze the influence
of contact time and adsorbent dose on Cr(VI) removal efficiency. In particular, different conditions of contact time and adsorbate
concentration on the sorption process were studied. The adsorbent materials were further characterized by field emission
scanning electron microscopy (FESEM), and the analysis of the Cr(VI) was analyzed using an inductively coupled plasma mass
spectrometer (ICP-MS). Results obtained from the first phase of the study showed that for initial concentrations of 1 mg/L for
both synthetic and pharmaceutical wastes, the remaining concentrations were determined to be 0.022 and 0.029 mg/L, respec-
tively. The kinetic adsorption isotherms models have shown that the adsorbent follows the pseudo-second-order kinetic model.
The isotherms were well fitted with Langmuir and Redlich—Peterson model, indicating monolayer adsorption of hexavalent Cr on
the magnetite coated sand surface. However, the presence of other adsorbates in pharmaceutical wastewater influences the
removal efficiency of Cr(VI) minutely. It can be inferred from the study that the adsorbent can be used for heavy metal treatment
in a cost-effective manner since the magnetite is coated on the sand; it eliminates the problem of extraction of nanoparticles from
treated wastewater and can be removed by a simple filtration process.
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Introduction

Heavy metals have always been an important environmental
concern due to their carcinogenic nature and their ability in
influencing human health in very small doses (Singh and
Kalamdhad 2011; Tchounwou et al. 2012; Jaishankar et al.
2014; Ali et al. 2019; Sall et al. 2020). In particular, the major
heavy metals of concern to human health and the surrounding
environment are As, Pb, Hg, Cr, Se, Cd, V, Zn, and Co (Izuru
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et al. 1976; Jaishankar et al. 2014; Mishra et al. 2019; Tang
etal. 2019; Sall et al. 2020). With increased urbanization and
globalization, industries have been at the forefront of all an-
thropogenic sources leading to increased production of such
heavy metals leading to their increased deposits in water bod-
ies and sediments. Additionally, heavy metals are difficult to
treat by biological methods since they are toxic to the bacterial
pathogen leading to its continuous bioaccumulation and there-
by needing continuous monitoring of such contaminated
sources.

In the aforementioned context, Cr is considered as one of
the most toxic elements present in the environment lying in
group 6 and period 4 of the periodic table. The metal exists in
two ionic states including trivalent Cr(IlI) and hexavalent
Cr(VI) forms. Cr(VI) is both highly toxic and carcinogenic.
In principle, Cr(VI) occurs as effluent from different industries
including electroplating, pharmaceutical, refineries, and
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leather industry (Saha et al. 2011). The disposal regulations
for inland surface water in India limit the concentrations
of Cr(VI) and total Cr to 0.lmg/L and 2 mg/L, respec-
tively, for inland surface water (CPCB 2017). Human
exposure to Cr often leads to lung including nasal and
sinus cancers, liver and kidney damage, skin lesions and
abrasions, ulcers, and damage to eyes (Jaishankar et al.
2014; Sall et al. 2020). Hence, it needs to be treated to
control human exposures.

In the previous context, there exist different methods
for the removal of heavy metals from the wastewater
stream. One of the most commonly used methods for
the removal of heavy metals is the adsorption process.
It is essentially a surface phenomenon, and the main
principle of the process is an interphase accumulation
of a substance at the surface of the adsorbent (Peng
and Guo 2020; Kango and Kumar 2016). The process oc-
curs between any two physical states including liquid-liquid,
liquid—solid, or gas—liquid interphase.

In recent years, several studies have been conducted on
magnetite adsorbents for the removal of Cr(VI) ions from
the wastewater stream. Magnetite nanoparticles, maghemite
nanoparticles, and mixtures of the previous two nanoparticles
have been extensively studied for Cr(VI) removal. The effi-
ciency and removal mechanism of Ni(I), Cu(Il), and Cr(VI)
from industrial wastewater was studied using maghemite
nanoparticles where adsorption equilibrium for all the heavy
metals was achieved within 10 min (Hu et al. 2006). The
adsorption mechanism for Cr(VI) and Cu(ll) was due to the
combined effect of electrostatic attraction and ion exchange
whereas, the Ni(II) adsorption was a result of electrostatic
attraction only. In another reported study, the Cr(VI) adsorp-
tion capacity of maghemite nanoparticles was studied with
carbon and clay adsorbents (Hu et al. 2005), and the study
reported that at pH 2.5, 19.2 mg/g adsorption capacity was
observed and was independent of initial Cr concentration.
Adsorption equilibrium was achieved at 15 min. The adsorp-
tion capacity using carbon and clay was reported to be 15.47
mg/g and 11.55 mg/g, respectively (Hu et al. 2005). Several
studies have also been conducted to investigate the removal of
aqueous Cr(VI) using magnetite nanoparticles with or without
functionalization agents. The investigation of the adsorption
mechanism of coexisting Cr(VI) and Cu(Il) in the water sys-
tem using series of NH,-functionalized nano-magnetic poly-
mer adsorbents (NH,—~NMPs) coupled with different multi-
amino groups was used (Shen et al. 2012). In another study,
diatomite supported and unsupported magnetite nanocompos-
ite was used as the adsorbent for Cr(VI) removal from aque-
ous solution, and a better adsorption capacity was achieved for
the diatomite supported magnetite than the unsupported mag-
netite (Yuan et al. 2010). Further, organic iron-based compos-
ites, synthesized and immobilized by natural dried willow
leaves, were used to investigate the removal of Cr(VI) from
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an aqueous solution (Yao et al. 2020). In a different reported
study, magnetic biochar with different species of iron oxides
(Fe30y4, Fe,05, and FeO) was synthesized and studied for
Cr(VID) removal (Yi et al. 2020). The maximum adsorption
capacity of Cr(VI) by magnetic biochar was determined to
be 71.04 mg/g of adsorbent used. The adsorption mechanism
analysis identified that the Cr(VI) removal was due to the
combined effect of electrostatic adsorption (surface electro-
static attraction and ion exchange), reduction, and complex
formation techniques. Ullah et al. (2020) used synthesized
magnetic max phase (MNPs- TizAlC,) and magnetic iron ox-
ide for the removal of Cr(VI) ions from the tannery wastewa-
ter. The removal efficiency of Cr(VI) was recorded to be 99%
at pH 3 with an adsorbent dose of 100 mg with an initial
concentration of 1640 mg/L. The adsorption of Cr(VI) over
MNPs- Ti;AlC, was attributed to pseudo-second-order and
endothermic processes. Arsenic (As) and Cr removal by
maghemite and magnetite nanoparticles was studied, and the
adsorption capacity of Cr was found to be 2.4 mg/g with an
initial Cr(VI) concentration of 1 mg/L and 3.69 mg/g for
As(IlT) and 3.71 mg/g for As(V) at pH 2.0. It was also ob-
served that the presence of other ions in the water influence As
and Cr adsorption, and the removal of arsenic is more favor-
able than the removal of chromium with maghemite—
magnetite nanoparticles (Chowdhury and Yanful 2010). In
another study, magnetite coated sand particles were used as
an adsorbent for As(Ill) removal from synthetic wastewater
(Kango and Kumar 2016).

As observed from the aforementioned studies, the
magnetite—maghemite nanoparticles—based adsorption tech-
nique is well suited for the removal of heavy metals including
Cr(VI). However, in all of the reported studies discussed in the
previous paragraph, an external magnetic field was used to
separate the magnetite nanoparticles from the water after treat-
ment which in turn can induce additional waste generation
(Dave and Chopda 2014; Ali et al. 2016a). The use of filter
cartridges could be an alternative and effective method to
overcome the application of an external magnetic field for
the separation of magnetite nanoparticles from the wastewater
stream.

The present study utilizes a magnetite nanoparticles—based
adsorbent for removal of Cr(VI) obtained from the preparation
of synthetic wastewater and was further utilized for removal of
Cr(VI) from the pharmaceutical industry effluent. Batch ex-
periments were performed to investigate the effect of contact
time, adsorbent dose, and initial Cr(VI) concentration on the
removal efficiency of Cr(VI). The study also presents two and
three parameter-based adsorption isotherms to determine the
efficiency of the process. Additionally, in the present study,
we have utilized magnetite coated sand particles which itself
acts as a filter cartridge medium as a result of which no exter-
nal magnetic field is needed for the separation of the adsorbent
thereby making the process highly cost-effective.
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Materials and methods
Preparation of synthetic sample

The chemical solutions were prepared in Milli-Q water
(BiocellMilli-Q Millipore, Elix). The chemicals used in the
preparation of the synthetic sample were obtained from
Sigma-Aldrich which were of analytical grade and hence were
used without any additional purification. The Cr(VI) stock
solution (500 mg/L) of the synthetic wastewater was prepared
by dissolving a known amount of Cr sulfate, Cr,(SO4); in
Milli-Q water. The chromium(IIl) sulfate in the presence of
alkaline medium (0.1 mol/L NaOH) leads to the formation of
chromium hydroxide (Cr(IIl)) which further in the presence of
H,0, (10%) gets oxidized to chromate (Cr(VI)). This is the
reaction mechanism that is followed for converting Cr(IlI) to
Cr(VI) using chromium(III) sulfate. The pH of the stock so-
lution was adjusted using standard acid and base solutions
using 0.1 M HNO; and 0.1 M NaOH concentrations. Hence,
the prepared synthetic wastewater contained Cr(VI) ions only
and which were utilized for the study. Batch adsorption tests
were carried out by diluting Cr(VI) stock solution into the
desired initial concentration.

Collection of pharmaceutical wastewater

The pharmaceutical wastewater was taken from a working
pharmaceutical industry. Samples were taken from the prima-
ry sedimentation tank outlet of the pharmaceutical industry.
The wastewater was transported to the lab in PVC bottles after
collection on the same day and was immediately stored at 4°C.
The samples were analyzed using an inductively coupled plas-
ma mass spectrometer (ICP-MS) to determine the Cr(VI)
concentration.

Coating of magnetite nanoparticles on the sand
surface

The Fe;04 nanoparticles were synthesized using ferric chlo-
ride hexahydrate (FeCl;.6H,0), ferrous chloride (FeCl,), and
ammonium hydroxide (NH4OH). The substrate sand was col-
lected from the Beas River in Mandi district, Himachal
Pradesh, India. Magnetite nanoparticles coated sand was pre-
pared using the procedure of iron—chitosan coating on the
sand (Gupta et al. 2013; Kango and Kumar 2016).

Initially, sand was sieved to a geometric mean size of 0.6 to
0.9 mm (This indicates that a coarse fraction of the sand was
taken which passed through 0.97 mm sieve and was retained
back on 0.625 mm sieve size.) soaked in an acid solution
(1.0 M HCI) for 24 h, which was then washed with distilled
water several times and dried at 100°C temperature. After
cleaning, the sand was etched using aqua regia for 5 min
and was further rinsed in a water stream to remove the etchant

solution. Thereafter, the cleaned sand was dispersed in a so-
lution containing a 2:1 ratio of FeCl; and FeCl, and to which
dropwise solution of NH4OH was added which was mixed
using a magnetic stirrer at 70°C temperature for 30 min under
the flow of argon (Ar).

The addition of NH4OH led to a coprecipitation reaction
and resulted in the formation of magnetite (Fe;0,) nanoparti-
cles in the precursor solution. Since the sand particles were
added to the precursor solution, Fe;O,4 nanoparticles were also
nucleated on the surface of the sand. The obtained mixture
was cured at room temperature for 48 h and filtered and dried
in a furnace at 85°C in the Ar gas environment. To ensure a
proper coating of Fe;0,4 nanoparticles on the surface of sand
particles, the coated sand was washed with distilled water until
a clear supernatant was obtained. Finally, the magnetite nano-
particles coated sand was stored in PVC bottles to perform
batch experiments.

Batch adsorption experiments

The batch adsorption studies were performed in two phases to
examine the adsorption performance of the magnetite coated
nanoparticles with respect to the different operational param-
eters including contact time, adsorbent dose, and initial Cr(VI)
concentration. In the first phase of the study, synthetic waste-
water was used to evaluate the removal efficiency of Cr(VI)
and different adsorption parameters. In the second phase,
pharmaceutical industry wastewater was used to investigate
the adsorption response of the magnetite coated sand particles,
keeping all other experimental conditions and parameter spec-
ifications the same as used in the first phase of the study. The
batch adsorption experiments and consequent adsorption iso-
therms were determined at room temperature. Other experi-
mental conditions included maintenance of constant pH con-
ditions of 4.0 (Zhang et al. 2020) and the use of an incubator
shaker maintained at an agitation speed of 200 rpm (Kango
and Kumar 2016; Islam et al. 2019).

The effect of contact time on Cr(VI) adsorption was inves-
tigated by varying the contact time from 30 to 180 min, using
25 g/L adsorbents at an initial Cr(VI) concentration of 1 mg/L.
Similarly, the effect of the adsorbent dose on Cr(VI) removal
was investigated by varying the adsorbent dose from 5 to 30 g/
L for both synthetic and pharmaceutical wastewater keeping
other parameters constant. Further, to study the adsorption
isotherms, the concentration of Cr(VI) in synthetic and phar-
maceutical wastewater was varied from 1 to 25 mg/L and 0.5
to 3 mg/L, respectively, for the fixed values of contact time,
optimum adsorbent dose, and constant pH of 4.0.

The removal efficiency of Cr(VI) on magnetite nanoparti-
cles coated sand adsorbent was calculated using Eq. (1), and
the adsorption capacity of adsorbent for Cr(VI) (i.e., q.) was
determined using Eq. (2):
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Co—C
%Cr (VI)removal = OC = x 100 (1)
()
C,—C
Q@ =—r <V (2)

where C, is the initial Cr(VI) concentration (mg/L), C. is the
final Cr(VI) concentrations (mg/L), V is the volume of solu-
tion in liters, and M is the mass of the adsorbent in grams.

Equilibrium isotherm analysis

The isotherm model parameters often provide insights into the
adsorption mechanism, the affinity, and the surface properties
of the adsorbent (Yu and Neretniecks 1990; Ayawei et al.
2017). In the present study Freundlich, Langmuir, and
Redlich—Peterson isotherm models were used to fit the exper-
imental data.

The Langmuir isotherm suggests monolayer adsorption on
a homogeneous surface with a limited number of active sites,
and there is no interaction between adsorbed molecules on the
adsorbent sites, as each active site adsorbs one molecule
(Langmuir 1918). The Freundlich isotherm describes multi-
layer adsorption on a heterogeneous surface with an interac-
tion between adsorbed molecules. The Redlich—Peterson
equation is an empirical equation with three parameters that
are used in both adsorptions on heterogeneous and homoge-
neous surfaces (Redlich and Peterson 1959). This isotherm is
reduced to the Freundlich isotherm when the exponent is
equal to 0. Moreover, when the exponent is equal to 1, this
model is reduced to the two-parameter Langmuir isotherm.
The mathematical equations associated with the selected non-
linear isotherm models have been summarized in Egs. (3)—(5).

Freundlich isotherm

qe = KpCl/” 3)

Langmuir isotherm

gmbCe
= 4
%=1 0C, )
Redlich—Peterson
AC,
= 5
=T Ke? )

Further, nonlinear regression analysis (Tvrdik et al. 2007)
was used to investigate the adsorption isotherm parameters to
maximize the coefficient of determination (R?) between the
experimental data and isotherms. Additionally, statistical pa-
rameter mean standard deviation was used to determine the
best fit adsorption isotherm (Manohar et al. 2006).

The rate of adsorption and rate-controlling step were deter-
mined using the pseudo-first-order and pseudo-second-order
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kinetic models. The pseudo-first-order kinetic model is repre-
sented by Eq. (6) (Lagergren 1898; Sathvika et al. 2016).

kadst
2.303 (6)

log(q.—q;) = logg.—

where q. (mg/g) is the adsorption capacity at equilibrium (e)
and q; (mg/g) is the adsorption capacity at time (t). k,qs is the
rate constant for pseudo-first-order kinetics, which can be ob-
tained from the slope of the linear plot of log (q. — q,) versus
time (t).

The pseudo-second-order kinetic model is represented by
Eq. (7) (Ho and McKay 1998; Sari et al. 2008; Sathvika et al.
2016).

— =4 — Ta
qt h qe ( )
where

h = kq; (7b)

In the aforementioned equations, q. (mg/g) is the amount of
Cr(VI) adsorbed per unit mass of adsorbent at equilibrium (e),
and q, (mg/g) is the amount of Cr(VI) adsorbed per unit mass
of adsorbent at a time (t). “h” is the initial adsorption rate (mg
g ' h™") and “k” is pseudo-second-order adsorption rate con-
stant. The values of “q.” (1/slope), “h” (1/intercept), and “k”
(slope?/intercept) can be calculated from the plots of t/q, ver-
sus time (t).

Additionally, the secondary adsorption mechanism was al-
so explained by using an intraparticle diffusion model.
Equation (8) represents the intraparticle diffusion model
(Weber Jr and Morris 1963; Sathvika et al. 2016; Sari et al.
2008).

q; = kitl/2 (8)

where k; is intraparticle diffusion rate constant and ¢, is the
amount of Cr(VI) adsorbed per unit mass of adsorbent at time
t. According to this model, if the graph between ¢, and 1'% is
linear then intraparticle diffusion is the rate-limiting step.
Moreover, the plot should pass through the origin of
intraparticle diffusion to be the sole rate-limiting step.

Results and discussion
Characterization of adsorbent

It may be noted that before coating with Fe;0,4, the sand
particles appear grayish white; and after magnetite coating,
the sand particle appears black, which suggests coating of
magnetite on the sand surface.
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Fig. 1 The response of a
uncoated sand and b magnetite
coated sand particles to a
magnetic bead

Figure 1a demonstrates the uncoated sand particles which
are not attracted by magnetic globule. Accordingly, magnetite
nanoparticles coated sand particle is attracted in by the mag-
netic beads, as observed in Fig. 1b, as the magnetite nanopar-
ticles covered sand particles are attracted in by magnetic glob-
ule indicating the arrangement of magnetite nanoparticles on
the sand surface.

The morphology of magnetite nanoparticles was investi-
gated by field emission scanning electron microscopy
(FESEM) (Model-Hitachi S-4700), as shown in Fig. 2. In
particular, Fig. 2a, b, presents FESEM images of uncoated
sand particles and magnetite coated sand particles, respective-
ly. The FESEM images show the surface of uncoated sand
particles appears as clear, while after coating, the surface of
the sand is covered with Fe;O4 nanoparticles. The particle size
distribution of the magnetite coated sand particles (Fig. 2b)
was determined using the software image J and was deter-
mined to be in ranges of 30-210 nm. In principle, the magne-
tite coated particles vary between different size ranges, for
example, 60-310 nm (Guo et al. 2016).

Effect of contact time on Cr(VI) removal

Figure 3 presents the effect of contact time on the percentage
of Cr(VI) removal efficiency and adsorption capacity (q; =
mg/g) for a fixed adsorbent dose of 25 mg/L and initial

Fig. 2 FESEM images of a
uncoated sand particles and b
magnetite nanoparticles coated
sand particles

BN

Cr(VI) concentration of 1 mg/L for both synthetic and phar-
maceutical wastewater.

In the first phase of the study using synthetic wastewater,
removal efficiency of 85.4% of Cr(VI) was observed within
the first 30 min of contact time due to rapid removal.
Howeyver, the removal rate decreases after 30 min, and it takes
about 120 min to attain the adsorption equilibrium. The initial
rapid adsorption of Cr(VI) by Fe;O4 nanoparticles coated sand
may be attributed to a surface adsorption process wherein all
the adsorption sites, available on the outer surface of the ad-
sorbent, are rapidly occupied by Cr(VI). This initial adsorp-
tion mechanism is known as adsorption controlled by the
surface processes (Chowdhury and Yanful 2010). However,
after 30 min, when all the immediate surface adsorption sites
of the adsorbent are filled, the removal rate of Cr(VI) de-
creases as no immediate contact surface in the magnetite nano-
particles were available for Cr(VI). Hence, Cr(VI) present in
the solution approaches the available adsorption sites of
sublayered magnetite nanoparticles.

When the process of removal becomes slower, a secondary
adsorption process is introduced wherein the Cr(VI) has to
diffuse into the magnetite nanoparticle coating to reach the
available adsorption sites (Ren et al. 2011). This secondary
adsorption process is diffusion controlled and is known as
adsorption controlled by diffusion (Ren et al. 2011) and is
primarily the intraparticle diffusion of Cr(VI), which

@ Springer
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Fig.3 Effectof contact time on % 100 0.041
Cr(VI) removal efficiency and
adsorption capacity (qe = mg/g) %1 - - 0.040
for synthetic and pharmaceutical //;ig——'"’"’—o
wastewater (Cr(VI) concentration = 96 1 - ST e § L 0.039
1 mg/L, pH 4.0, adsorbent dose z T e % """""
25 g, room temperature) § %1 r/’ -X""7/. § """ L 0.038
§ 9 4 //)e ........ %
E . - ///O__ 0037 g
E s s X o
s J P - 0.036
S %87 18 0L
Q /.0 X
& 86 /s = —-@— % removal synthetic water 0035
¢ /. 2 —-O— % removal pharmaceutical wastewater
o b4 / «+3- qt synthetic water - 0.034
d/ +e+3¢ -+ qt pharmaceutical wastewater
g2 X . . T . . T . 0.033
20 40 60 80 100 120 140 160 180 200
Contact time (t) min
decreases the rate of adsorption. The diffusion-controlled ad-
sorption process is dependent on the intraparticle diffusion
distance.
In the seclor.u.i phase of the study using pharmaceutical 20 000
wastewater, initially, 82.8% of Cr(VI) removal takes place
within 30 min of contact time due to rapid removal from 224 o b 5000
pharmaceutical wastewater and takes 120 min to achieve the /'/
adsorption equilibrium. However, the removal rate of Cr(VI) 247 [ 4000
for pharmaceutical wastewater was slightly lower than syn- Ci . : lﬂ"g(qe'q‘) 3
. . & 264 q F 3000 &
thetic wastewater due to the possible presence of other adsor- H ' =
bates in the sample. At equilibrium conditions, almost similar g L 5000
removal efficiency of 97.80% and 97.10% of Cr(VI) was ob-
served for synthetic and pharmaceutical wastewater respec- 3.0 L 1000
tively with an initial Cr(VI) concentration of 1.0 mg/L for both
the samples. 32 T T T T T T T T 0
20 40 60 80 100 120 140 160 180 200
t (min)
. 0 . (a)
Kinetic modeling
6000
The graphical representations of pseudo-first-order and 000
pseudo-second-order kinetic models for synthetic and phar-
maceutical wastewater are shown in Fig. 4a, b, respectively. L 4000

The values of kinetic model parameters including k4, k, h,
and correlation coefficients (Rz) obtained from these plots are
summarized in Table 1.

The experimental data matched with the pseudo-second-
order kinetic model with a higher correlation coefficient (R
=0.999) for both the synthetic and the industrial wastewater in
comparison to the pseudo-first-order kinetic model which
showed an R = 0.95 and 0.973 respectively for synthetic
and industrial pharmaceutical wastewater. It was further ob-
served from Table 1 that from the normalized standard devi-
ation values obtained for the considered kinetic modeling
analysis, the pseudo-second-order model was best fitted for
both the synthetic and pharmaceutical wastewater.
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(b)
Fig. 4 Adsorption kinetics of pseudo-first-order model and pseudo-
second-order model for Cr(VI) removal by Fe;O, nanoparticles coated

sand for a synthetic and b pharmaceutical wastewater (Cr(VI) concentra-
tion 1 mg/L, pH 4.0, adsorbent dose 25 g, room temperature)
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Further, it was observed from the kinetic study that the
pseudo-second-order kinetic model predicted the theoretical
q. value as 0.04 mg/g, which was almost an exact representa-
tion of the experimental ¢, value of 0.0388 mg/g for the syn-
thetic wastewater sample. For the same sample, the theoretical
¢. value was determined to be 0.0066 mg/g using the pseudo-
first-order kinetic model for the synthetic waste. Similarly, for
pharmaceutical wastewater, the theoretical value of ¢, (0.04
mg/g) obtained from the pseudo-second-order kinetic model
was a better fit for experimental ¢, value of 0.039 mg/g in
comparison to the theoretical value of ¢, of 0.016 mg/g ob-
tained from the pseudo-first-order kinetic model.

The plots of the intraparticle diffusion model are shown in
Fig. 5a, b, for synthetic and pharmaceutical wastewater, re-
spectively. Intraparticle diffusion rate constant values obtain-
ed from these plots and the corresponding correlation coeffi-
cients (R*) have been summarized in Table 1. It may be

0.040

0.039 A

0.038 A

0.037 A

q, (mg/g)

0.036 A

0.035 4 —e— Measured q

Predicted q,
0.034

0.033 T T T T

0.040

0.039 A

0.038 -

0.037 A

0.036 -

q,(mg/g)

0.035 A
0.034 - —e— Measured q,

0.033 1 Predicted q,

0.032 T T T T

Fig. 5 Intraparticle diffusion model for Cr(VI) removal by Fe;04
nanoparticles coated for a synthetic and b pharmaceutical wastewater
(Cr(VI) concentration 1 mg/L, pH 4.0, adsorbent dose 25 g, room
temperature)
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observed from Fig. 5 that for the present study, the plot of ¢,
and 7' is nonlinear and the plot does not pass through the
origin. It can also be observed from these figures that the
adsorption mechanism is a three-phase process: (i) the initial
sharper portion features boundary layer diffusion of adsorbate
molecules; (ii) the second portion attributes a gradual adsorp-
tion phase, where intraparticle diffusion is the rate-limiting
step, and (iii) the final equilibrium phase. However, it is also
observed from Fig. 5 that for pharmaceutical wastewater in the
initial phase of the experiment, the intraparticle diffusion
mechanism significantly exists and the contribution from
boundary layer diffusion is minor; whereas in synthetic waste-
water, boundary layer diffusion mechanism predominates.
This is also observed from Fig. 3 which indicates the domi-
nance of boundary layer diffusion mechanism for synthetic
wastewater as 93.4% of Cr(VI) removal was achieved within
an initial 60 min of contact time.

Effect of adsorbent dose

The influence of adsorbent dose on adsorption capacity (q. =
mg/g) and Cr(VI) removal efficiency at fixed initial Cr(VI)
concentration (1 mg/L) for both synthetic and pharmaceutical
wastewater is shown in Fig. 6a, b, respectively. In the present
study, the batch experiments were performed at pH 4.0 as has
been the practice in earlier reported literature (Kango and
Kumar 2016; Islam et al. 2019; Zhang et al. 2020). It can be
observed that as the adsorbent dose increases from 5 to 30 g/L,
the Cr(VI) removal efficiency also increases from 66.1 to 96%
and 68.6 to 95.4% for synthetic and pharmaceutical wastewa-
ter, respectively. The increase in removal efficiency was due
to the more available adsorption sites at higher concentrations
of the adsorbent (Pandey et al. 2009; Kaczala et al. 2009).

It was also observed from these figures that an increase of
adsorbent dose beyond 25 g/L, showed no significant change
in removal efficiency of Cr(VI). Further, at this adsorbent
dose, all the Cr(VI) ion concentration had already been
adsorbed for both the samples, and an increase in the adsor-
bent dose led to the availability of additional free active ad-
sorption sites (increased availability of active binding sites)
which could adsorb more of Cr(VI) concentration if it were
available in the samples.

However, the adsorption capacity decreases with an addi-
tional increase in the adsorbent dose. The adsorption capacity
decreased from 0.132 to 0.032 mg/g for synthetic wastewater
and 0.137 to 0.032 mg/g for pharmaceutical wastewater over
the range of adsorbent doses studied. The interaction between
adsorbent molecules is a significant factor in the adsorption
process, with a higher amount of adsorbate being adsorbed
when the distance between the adsorbent molecules is greater
(Itoh et al. 1975). Hence, the decrease in adsorption capacity is
possibly due to the interference between binding sites at
higher adsorbent dose or an inadequate number of available
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Fig. 6 Effect of adsorbent dose
on % Cr(VI]) removal efficiency
and adsorption capacity (qe = mg/
g) for a synthetic and b
pharmaceutical wastewater
(Cr(VI) concentration 1 mg/L, pH
4.0, room temperature)

Cr ions in the wastewater when compared to available binding
sites on the adsorbent (Fan et al. 2008; Rome and Gadd 1987,
Chen et al. 2011). Further, in Fig. 6a, b, the point of intersec-
tion between removal efficiency and adsorbent capacity is
usually considered as the optimum dose which represents
the optimal balance between Cr(VI) removal efficiency and
adsorption capacity (Kango and Kumar 2016). In the present
study, this was determined to be 10.36 g/L and 11 g/L of
adsorbent dose for synthetic and pharmaceutical wastewater,
respectively, from the subsequent graphs. Further, for the
abovementioned adsorbent dose, only 77.9% and 80.2%
Cr(VI) removal was recorded for synthetic and pharmaceuti-
cal wastewater, respectively.

Effect of initial Cr(VI) concentration

The effect of initial Cr(VI) concentration on the removal effi-
ciency and adsorption capacity (q.) of Fe;O4 nanoparticles
coated sand is shown in Fig. 7a, b, for synthetic and pharma-
ceutical wastewater, respectively. It was observed that the
Cr(VI) removal efficiency decreased with an increase in the
initial Cr(VI) concentration, while the adsorption capacity (q.)
increased. This is primarily because of a sufficiently large
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number of active sites on the adsorbent surface at lower
Cr(VI) concentration which can easily accommodate all of
the Cr(VI) ions. An increase in Cr(VI) concentration induces
a decrease in the availability of the surface active sites leading
to a decrease in the removal efficiency of Cr(VI) due to an
insufficient accommodation of Cr(VI) ions. In addition, initial
Cr(VI) concentration provides a driving force to overcome all
mass transfer resistances between the adsorbent and adsorp-
tion medium resulting in higher adsorption capacities at higher
initial Cr(VI) concentration (Fan et al. 2008). The dependence
of adsorption on Cr(VI) concentration at equilibrium was in-
vestigated and modeled using different isotherm models
which have been presented in the next section.

Adsorption isotherms

The adsorption isotherms are useful in understanding the ad-
sorption process and demonstrate adsorbate and adsorbent
interaction in an adsorption system. Though different adsorp-
tion isotherm models are available to investigate experimental
equilibrium parameters, Freundlich and Langmuir isotherms
are the most widely used for the application in water and
wastewater treatment (Wu et al. 2009). In the present study,
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Fig. 7 Effect of initial Cr(VI) concentration on % Cr(VI) removal
efficiency and adsorption capacity (qe = mg/g) for a synthetic
wastewater and b pharmaceutical wastewater (pH 4.0, adsorbent dose
11 g, room temperature)

nonlinear isotherm models (Freundlich, Langmuir, and
Redlich—Peterson isotherms) were used to investigate the dif-
ferent adsorption equilibrium parameters and to study the
adsorbate—adsorbent interaction.

It can be observed from Figs. 8 and 9 that for synthetic
wastewater, the nonlinear Langmuir and Redlich—Peterson
isotherm models present higher R* value than the Freundlich
model, indicating them to be a better fit for the experimental
studies conducted. In agreement, the Redlich—Peterson model
showed a strong relationship for Cr(VI) adsorption in synthet-
ic wastewater at room temperature. Conversely, the
Freundlich model adjustment was observed to be a better fit
for Cr(VI) on magnetite for pharmaceutical wastewater (Fig.
8b) with a correlation coefficient of 0.999.

Comparing the R” values obtained for each of the consid-
ered isotherms for synthetic wastewater, the best fit follows
the sequence wherein the Redlich—Peterson was determined to
be the best followed by Langmuir and Freundlich isotherms.
Similarly, for pharmaceutical waste, the best fit sequence was
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Fig. 8 Adsorption isotherm, Freundlich and Langmuir for Cr(VI)
adsorption by Fe;04 nanoparticles coated sand from a synthetic
wastewater and b pharmaceutical wastewater

observed for Redlich—Peterson followed by Freundlich and
Langmuir isotherms.

However, it was interesting to note that a Langmuir-like
“plateau progression” trend was observed in the Freundlich fit
(Fig. 8a) instead of the typical “exponential progression”
which implies monolayer adsorption. Further, the Freundlich
coefficient value (n = 1.21 < 2) also suggests an erratic fit of
the model equation. Hence, it may be mentioned that even
though the R? value obtained from the Freundlich isotherm
may be on the higher side, the visual representations of the
graphical plots are erratic in nature as they do not show an
exponential trend. Hence, the use of the Freundlich equation
simply on the basis of the R* value may lead to faulty conclu-
sions regarding the behavior between the adsorbent and the
adsorbate. It was further observed from Table 2 that from the
normalized standard deviation values obtained for the consid-
ered isotherms, the Redlich—Peterson equation was best fitted
for both the synthetic and pharmaceutical wastewater.



Arab J Geosci (2021) 14: 1180

Page

110f15 1180

0.8

qe (mg/g)

0.6

0.4 4
—e— Experimental Values
0.2 4 Redlich-Peterson Isotherm

0.0 T T T T

C, (mg/L)

(a)

0.20 4

0.15 4

qe (mg/g)

0.10 4

0.05 1

—e— Experimental Values
Redlich-Peterson Isotherm

0.00 T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

C, (mg/L)

(b)
Fig. 9 Redlich—Peterson isotherm, a synthetic wastewater and b

pharmaceutical wastewater for Cr(VI) adsorption by Fe;Oy4
nanoparticles coated sand

Finally, it may be summarized that the adsorption data
were best fitted by the Redlich—Peterson isotherm model for
both synthetic and pharmaceutical wastewater. Furthermore,
the higher values of Redlich—Peterson exponents () as
shown in Table 2 suggest that Langmuir isotherm is more
predominant for both synthetic and pharmaceutical wastewa-
ter. It can be interpreted from the adsorption isotherm models
that the synthetic and the pharmaceutical wastewater follow
the chemisorption process over physical adsorption. This is
because when comparing the exponent of the Redlich—
Peterson isotherm, it was observed that the value was 0.76
(close to 1) which indicates that it follows the Langmuir pro-
cess. Additionally, Langmuir fit basically signifies the chem-
isorptions process as reported in earlier scientific literature,
and hence, chemisorption is the method via which the adsorp-
tion process takes place (Tran et al. 2017). Finally, for our
study, the Freundlich isotherm did not fit the experimental

Table 2 Adsorption isotherm parameters for Cr(VI) removal by Fe;O4 nanoparticles coated sand

Nonlinear adsorption models

Redlich—Peterson isotherm

Langmuir isotherm

Freundlich isotherm

Normalized
standard

Standard R?
error for

Standard [
error for

Standard K
error for

A

A

Normalized
standard

Standard R?
error for

dm

Standard qp,
error for

b

b

Normalized
standard

Standard R®
error for

Standard »n
error for
Kr

Ky

deviation (%)

deviation (%)

deviation (%)

0.39 0.053 0.76 0.037 0.999 4.20
0.87 0.004

0.41 0.058

0.49 0.030
0.99 0.003

2.12 0.029 0.998 9.82

0.73 0.138

0.20 0.004
0.61 0.850

0.979 22.79

1.35 0.010
1.21 0.015

0.31 0.026
Pharmaceutical 0.29 0.002

Synthetic

0.999 9.03

0.994 11.04

0.999 9.70

~ Significant digits considered up to 3 decimal places
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conditions; and as reported in earlier scientific studies, the
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where C, is the initial Cr(VI) concentration and “b” is the
Langmuir isotherm constant. An “r” value of less than 1.0
signifies favorable adsorption conditions, whereas “r”” values
greater than 1.0 are deemed unfavorable. The associated pa-
rameters of the mentioned isotherm models are listed in
Table 2.

In the present study, the adsorption efficiency for both syn-
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Conclusion

The major conclusions obtained from the study are summa-
rized as follows:

* The removal efficiency of Cr(VI) was found to be 85.4%
and 82.8% respectively for synthetic and pharmaceutical
wastewater for a contact time of 30 min with experimental
conditions of pH of 4.0, room temperature (25 + 3°C), and
initial Cr(VI) concentration of 1 mg/L for both and adsor-
bent dose of 25 mg/L. It may be concluded from the study
that magnetite nanoparticles coated on the sand (a low-
cost adsorbent) can be used effectively for Cr(VI) removal
from synthetic and pharmaceutical wastewater.

* The experimental data were best fitted by the pseudo-
second-order kinetic model (R2 =0.999; normalized stan-
dard deviation of 1.33 and 5.03 for synthetic and pharma-
ceutical wastes, respectively) for both the types of waste-
water used in the study. It may be concluded from the
previous context that the chemisorption process is the ma-
jor driving force of the adsorption mechanism.

* The adsorbate dose determined using the pseudo-second-
order kinetic model (g, of 0.04 mg/g) was similar to the
actual experiment (g, of 0.0388 mg/g) for the synthetic
wastewater sample. Hence, it may be concluded that there
was a high level of agreement between the adsorbent dos-
ages determined experimentally and using the pseudo-
second-order kinetic model.

*  The maximum adsorbate dose was determined to be 25 g/
L (for maximum removal efficiency) with the optimum
dose of adsorbate being designed as 10.36 and 11.0 g/L
with removal efficiencies of 77.9% and 80.2% for synthet-
ic and pharmaceutical wastes, respectively. Further, with
an increase in adsorbent dose, a decrease in removal effi-
ciency was reported. It may be concluded from this that
the process of decrease in removal efficiency with in-
creased adsorbent dose may be attributed to the interfer-
ence between binding sites at a higher adsorbent dose as
has been reported in earlier scientific literature.

* It may be concluded from the adsorption studies that
Redlich—Peterson isotherms were the best fit for both syn-
thetic and pharmaceutical wastes, respectively.

* Further, for the experimental study conditions, the
Langmuir isotherm also was well fitted which suggests a
monolayer chemisorption process on a homogeneous ad-
sorbent surface and as also supported by the results ob-
tained from the pseudo-second-order kinetic model.

» It may be concluded from the study that the use of mag-
netite coated sand is highly suitable for removal of Cr(VI)
concentrations as observed for both synthetic and pharma-
ceutical wastewater since the determined values for a pa-
rameter (r) were less than 1.

* In an overall sense, it may be concluded that magnetite
coated sand used as a low-cost adsorbent is highly effi-
cient and well suited for the removal of heavy metals and
in particular Cr(VI). Further, the adsorbent itself acts as a
filter cartridge without the need for an external magnetic
separation that renders the process highly environmentally
friendly.
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