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surface to enhance the adsorption
capacity.
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ABSTRACT

Cationic dyes exist in various industrial wastewaters and removal prior to discharge is necessary due to their
carcinogenic behavior which poses a serious threat to human health. Iron based humic acid coated magnetic
nanoparticles (HA-MNPs) were evaluated for the removal of 2-[4-(dimethylamino) styryl]-1-methylpyridinium
iodide (2-ASP) as a model compound for cationic styryl pyridinium dyes from aqueous media. HA-MNPs were
prepared by co-precipitation and characterized. The adsorption of 2-ASP, measured by fluorescence, demon-
strates HA-MNPs are efficient for the 2-ASP removal with a maximum adsorption capacity of ~8 mg/g. Kinetic
behavior and equilibrium studies showed the adsorption process fits with pseudo 2nd order and Langmuir
isotherm models. The adsorption is relatively fast with ~70% of the adsorption complete within 30 min. The
overall removal increases by increasing solution pH. The observed increase in adsorption can be assigned to an
enhanced electrostatic attraction between the positively charged 2-ASP and the increase in the negative charge
on the HA-MNPs surface as a function of increasing solution pH. Effective and repetitive regeneration of the HA-
MNPs was achieved using NaOH treatment of saturated sorbent. Regeneration of HA-MNPs showed that removal
efficiency remains consistently high after five consecutive cycles. Dimensional analysis suggested that initial
concentration/sorbent dose ratio should be considered for accurate sorption modeling confirmed by experi-
mental data. Then generalized empirical models for isothermal study and removal efficiency prediction were
accurately deduced. This finding will help researchers in sorption studies to design their experiments more
efficiently and to develop improved empirical models in removal prediction.

E-mail addresses: aesma009@fiu.edu (A. Esmaeilian), osheak@fiu.edu (K.E. O’Shea).

https://doi.org/10.1016/j.chemosphere.2021.131699
Received 15 June 2021; Received in revised form 21 July 2021; Accepted 26 July 2021

Available online 28 July 2021

0045-6535/© 2021 Elsevier Ltd. All rights reserved.



A. Esmaeilian and K.E. O’Shea
1. Introduction

Cationic dyes, extensively used in textile, rubber, paper industries,
leather, gasoline, pharmaceutical, and food industries, are sources of
serious concern in aquatic environments and biological systems (Brahim
et al., 2021; Ding et al., 2021; Kausar et al., 2021; Sakti et al., 2020).
These dyes can pass through negatively charged cell membranes and
accumulate in the cytoplasm (Bayramoglu et al., 2009; Oseroff et al.,
1986) leading to damage of the nervous systems of living organisms.
Cationic dyes are toxic even at trace levels due to the formation of
metal-chelate complexes (Al-Degs and Sweileh, 2012; Peng et al., 2012).
Once these toxic dyes enter the food chain, bioaccumulation processes
threaten higher organisms including humans. In addition, a number of
dyes produce byproducts upon degradation which are highly carcino-
genic (Puvaneswari et al., 2006; Zhou et al., 2019). Unfortunately, a
number of these dyes are also highly resistant to transformation and thus
can persist in water for extended periods (Deng et al., 2021). The United
States Environmental Protection Agency (EPA) set a Maximum
Contaminant Level (MCL) of 1.0 pg L™! in drinking water for cationic
dyes (Al-Degs and Sweileh, 2012). Cationic dyes are a threat to the
environment and human health thus their removal from industrial
wastewater is critical before release into natural aquatic systems.

Among the remediation methods such as oxidation (Zhu et al., 2018),
sedimentation (Huang et al., 2019), photodegradation (Qian et al.,
2021), adsorption is one of the most commonly used methods especially
when economical sorbents with high surface area are identified. A
number of adsorbents have been used for removal of dyes from aqueous
media, including nanocomposite based on octa-amino polyhedral olig-
omeric silsesquioxanes, carbon nanotubes, and chitosan (Zhao et al.,
2021), activated carbon (Allen and B. Koumanova, 2005), and silica gel
(Parida et al., 2006). Advances in nanotechnology and the development
of magnetic nanoparticles (MNPs) show great potential to produce an
adsorbent with large surface area and small diffusion resistance char-
acteristics. MNPs have been used as bare or coated particles for removal
of dyestuffs from wastewater (Ge et al., 2012). Glutamic acid modified
chitosan- and silica-coated Fe304 nanoparticles (Yan et al., 2013),
magnetic peach gum bead bio-sorbent (Li et al.,, 2018), super-
paramagnetic nanoparticles coated with green tea polyphenol (Singh
et al., 2017), synthesized hybrid of microporous organic polymer and
sodium acrylate hypercrosslinked polymer with magnetic Fe304 nano-
particles (Li et al., 2017) have been used to remove cationic dyes
including Rhodamine B, methylene blue and crystal violet from waste-
water. MNPs are subject to deterioration due to oxidation and aging
processes, thus coating MNPs can inhibit auto-oxidation, reduce
agglomeration and extend the functional lifetime of the particles. Humic
acid, a fraction of natural organic matter (NOM), is an attractive coating
which can be applied in an environmentally friendly process. Humic
acid has the strong sorption capacity for anions and cations (Liu et al.,
2008; Rashid et al, 2017, 2018). There are only a limited number of
reports on the adsorption of dyes by HA-MNPs from aqueous media
(Gautam and Tiwari, 2020; Peng et al., 2012). Results of Peng et al.
revealed that HA-MNPs have a high potential as an efficient nano-
material for removal of RhB from water (Peng et al., 2012). Gautam
et al. showed the rapid removal of malachite green by HA-MNPs under
ultrasonic irradiation with ~100 % removal over a range of
concentrations.

In the current study, HA-MNPs were synthesized, characterized and
studied for the removal of 2-[4-(dimethylamino) styryl]- 1- methylpyr-
idinium iodide (2-ASP) as a model of styryl pyridinium cationic dye from
aqueous media. 2-ASP has higher LDsy = 491 mg/kg (mouse, oral) and
moderate toxicity compared to other common styryl cationic dyes such
as SP-1 (typical cyanine dye) (Guru and Dash, 2012). The model dye,
2-ASP, has strong fluorescent properties making readily detectable even
at very low concentrations. Removal of styryl pyridinium dyes to these
low levels would ameliorate the risks of bioaccumulation. To examine
the adsorption process and capacity of this magnetic sorbent, individual
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equilibrium and kinetic batch studies were performed. The objective of
this work was to investigate the removal of 2-ASP with HA-MNPs, and a
develop an effective process to regenerate and reuse the HA-MNPs.

2. Materials and methods
2.1. Materials

The chemicals, ammonium hydroxide (29.15 %), ferric chloride
hexahydrate (FeCls-6H0) (98.8 %), methanol (Optima™), glacial ace-
tic acid, sodium hydroxide (NaOH) were reagent grade and purchased
from Fisher scientific™. Humic acid sodium salt and ferrous chloride
tetrahydrate (FeCly-4H,0) > 99.0 % were obtained from Sigma-Aldrich.
Millipore water (MilliQ water, resistivity~18.0 MQem ™! at 25 °C) was
used for all experiments. 2-[4-(dimethylamino) styryl]-1-
methylpyridinium iodide (2-ASP) (MW; 366.24 g/mol, Amax: 583 nm)
was supplied by Fisher Scientific™ and its chemical structure illustrated
in Fig. S1.

2.2. Synthesis of humic acid-coated magnetic nano particle

Humic acid coated magnetic nanoparticles were synthesized
following an established co-precipitation method (Liu et al., 2008).
Briefly, 6.0 g of ferric chloride hexahydrate (FeCl3-6H20) and 3.1 g of
ferrous chloride tetrahydrate (FeCly-4H,0) were added to 100 mL of
deionized water in a three-neck flask equipped with a reflux condenser
and heated to 90 °C then 10 mL of 25 % ammonium hydroxide and 50
mL of 1 % humic acid sodium salt were added in quick succession into
the reaction mixture, respectively. Temperature was kept at 90 & 5 °C
for an additional 30 min. The mixture was allowed to cool to room
temperature and washed several times with Millipore filtered water to
obtain the natural pH and remove free, unreacted humic acid from the
particles. The precipitated HA-MNPs were then dried in a vacuum oven
at room temperature for at least a week. The dried materials were
ground with a pestle to a fine powder. The uncoated magnetic nano-
particles (Fe304) were synthesized following the same procedure
without adding the humic acid.

2.3. Characterization of the synthesized nanoparticles

The morphology of the synthesized nanomaterials was characterized
by the Transmission Electron Microscopy, TEM, (Philips CM200 oper-
ated at 200 keV), the Scanning Electron Microscopy, SEM, (EOL 6330F,
operated at 25.0 keV). BET (N3) method was used for surface area
measurement (Micromeritics TriStar II (TriStar II 3020 V1.03) gas
adsorption analyzer). The attenuated total reflectance Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR) was performed at room tem-
perature using PerkinElmer FTIR 100. Spectral scans of the synthesized
nanoparticles were obtained from 400 to 4000 em™! (64 scans per
spectrum). The leaching of iron from HA-MNPs was determined by
measuring free iron in solutions after the sorption process and separa-
tion of the synthesized HA-MNPs using PerkinElmer NexION 2000 ICP-
MS. The leaching of HA into the water was determined by measuring
Total Organic Carbon (TOC) in solution after separation of HA-MNPs.
TOC was measured by the Non-Purgeable Organic Carbon (NPOC)
method and measurements taken on a Shimadzu TOC-VCSH analyzer.
The zeta potentials of uncoated, coated magnetic nanoparticles pre and
post treatment were determined using a Malvern Zetasizer Nano Z. The
zeta potentials were recorded for MNPs and HA-MNPs at solution pH
from ~2 to 10.

2.4. Adsorption experiment
A stock  solution of  2-[4-(dimethylamino)  styryl]-1-

methylpyridinium iodide (2-ASP) at a concentration of 1000 mg/L
was prepared by dissolving the appropriate amount of dye in the 1000
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mL of Millipore filtered water. Kinetic studies were performed in batch
mode using 15-mL capped flasks to determine the sorption of 2-ASP. A
solution of 2-ASP at desired concentration was prepared and 10 mL
transferred into the flasks containing fixed concentration of HA-MNP
(0.01 g/10 mL). The samples were shaken at 300 rpm with orbit
shaker (Lab-line instrument Inc., model 3520) for 5, 15, 30, 60, 90, 120,
and 180 min to ensure that the adsorption equilibrium is completed. 2-
ASP concentrations were measured after separation of nanoparticles by
a handheld magnet and/or filtration by using 0.45 pm syringe filter. The
2-ASP concentrations were measured at Aep, = 583 nm by using Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies). Proper
dilutions were performed before measurement to ensure that dye con-
centrations were within the linear range of the standard calibration
curve (500 ppb-3 ppm). To estimate the kinetic sorption parameters,
non-linear least-square method was used. In non-linear method, the
kinetic parameters were estimated by minimizing the sum of square
errors between experimental data and kinetic model using the solver
add-in Microsoft Office 365 Excel spreadsheet.

Equilibrium experiments were carried-out as a function of initial
concentrations of 2-ASP, sorbent dose, and solution pH. Adsorption
equilibrium tests were carried out using capped flasks shaken for 2 h.
Initial experiments established that 2 h assured adsorption equilibrium
between 2-ASP and HA-MNPs under our experimental conditions
occurred. The initial solutions were prepared by dilution of the 2-ASP
stock solution over the range of 3-30 mg/L. All experiments were con-
ducted at room temperature (298 K) at solution pH 7.1 + 0.1. To
investigate the influence of solution pH on the adsorption 0.1 M NaOH
and HCI solutions were used to adjust the initial solution pH monitored
by a pH meter (Mettler Toledo, model SevenEasy). For the thermody-
namic study, sample solutions were placed in the Brunswick Innova
3100 Waterbath shaker to maintain the desired temperature.

The amounts of ions adsorbed by HA-MNPs, q (mg/g), were deter-
mined from the measured dye concentrations remaining in the solution,
using the following equation:

e _(C=Co )Y
q.0rq. W

(€9)]
where V (1) is the solution volume, W (g) is the weight of HA-MNPs, Cy
(ppm) is the initial dye concentration and C, o, ¢ (ppm) is the equilibrium
concentration of the solution or bulk concentration at indicated time
respectively. All experiments were carried out in triplicate and exhibit at
least 95 % confidence interval. Sum of square error (SSE) are used, to
evaluate models (Equation (2)).

N
SSE =Y (0, P)’ (2)
i=]

where P; and O; are the calculated and measured amounts of adsorbed
substrate respectively.

2.5. Desorption and regeneration

Regeneration and reuse of the humic acid coated magnetic nano-
particle is important from economic and environmental sustainability
perspectives. Regeneration experiments were conducted using a mixture
of methanol and acetic acid with volume ratio of 9:1 (Zhang et al.,
2013). The dye-saturated HA-MNPs (1 g/L) were added to the regen-
eration medium and were shaken for 20 min. Although desorption of dye
from sorbents was very fast, this process was repeated with a fresh batch
of regenerating agent to ensure complete removal of residual 2-ASP from
the HA-MNPs surface prior to the next adsorption-desorption cycle. The
recovered adsorbent was then washed by deionized water, and reac-
tivated by 0.1 mol/L NaOH aqueous solution. The NaOH solution was
slowly titrated into the regenerated HA-MNPs until a solution pH 9.5 =+
0.5 was obtained. The alkaline treated HA-MNPs were rinsed with
deionized water to obtain neutral pH. The resulting HA-MNPs were
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vacuum dried at room temperature and subsequently cycled through the
adsorption-desorption process.

3. Result and discussion
3.1. Characterization of the synthesized nanoparticles

The HA-MNPs were characterized initially, after use and after
regeneration. The ATR-FTIR spectra of humic acid and humic acid
coated and uncoated magnetic nanoparticles are shown in Fig. S2. The
zeta potentials of uncoated and coated magnetic nanoparticles were
measured by Electrophoretic Light Scattering (ELS) as a function of so-
lution pH. The pH of zero point charge (pHpzc) of Fe304 was 5.8 (Fig. S3)
which is close to that reported in literature with pHpzc = 6.0 (Liu et al.,
2008). The pHpzc of HA-Fe304 was 3.7 due the presence of abundant
carboxylic acid functional groups in the HA coating. The zeta potential
of HA-Fe304, indicates significant negative surface charge above pH 3.7
which inhibits the aggregation (Gautam and Tiwari, 2020; Liu et al.,
2008). Therefore, under neutral and alkaline conditions, HA-Fe3Q4 is an
attractive sorbent for remediation of positively charged ions. BET
measurements revealed the surface areas for Fe304 and HA-Fe304 are
101.97 and 90.71 (m?/g) respectively, slightly higher than the literature
report (Gautam and Tiwari, 2020). These differences are attributed to
slight differences in the protocol and ratio of initial materials used in the
synthesis (FeClz-6H20/FeCly-4H30). The modest decrease in surface
area is likely a result of narrow microporosity of HA which leads to no
adsorption of N; at 77 K.

TEM images of the synthesized nanoparticles are shown in Fig. 54
with the core of the magnetic nanoparticle having an average width of ~
8 nm. The HA-Fe304 particles had spherical type geometry with sizes
(10-24 nm) consistent with literature reports (Gautam and Tiwari,
2020; Liu et al., 2008). Careful examination of Fig. S4 reveals the
presence of a thin film (1-4 nm) of humic acid around the iron core (on
average ~ 1.67 nm). In addition, the SEM image of bare and coated
Fe304 is shown in Fig. S5. The average size particle for HA-Fe3Oy4 is
~16.6 nm which agrees with TEM result. In powdered form significant
agglomeration is observed in uncoated magnetic nanoparticle with
average individual particle size of 20 nm (Liu et al., 2008).

3.2. Stability of nanoparticles at different dye concentrations and effect of
direct photolysis on 2-ASP

Although the amount of iron in drinking water affects its palatability,
iron toxicity is exceedingly less common than is iron deficiency in
humans. Iron deficiency increases the absorption, potentially leading to
toxicity, of other divalent metals, including lead, cadmium, and man-
ganese (Nunamaker et al., 2013). The amount of dissolved iron con-
centrations leached from sorbent at different concentrations of dye in
natural pH were measured by ICP-MS. HA-MNPs (1 g/L) were dispersed
with different dye concentrations (3, 10, 15, 20, and 25 mg/L of 2-ASP)
and shaken for 2 h. Filtered samples were analyzed to measure the free
iron. Table S1 shows the percentage of the iron leaching after suspension
of the HA-MNPs at different dye concentrations, showing the amount of
iron leaching is negligible. The results indicate the thin relatively uni-
form HA film observed on the HA-MNP may inhibit leaching of iron from
the magnetic core. Moreover, the HA film on the surface of iron oxide
nanoparticle at pH above pHpzc may enhance HA binding to Fe3O4 thus
reducing leaching iron compared with uncoated magnetic nanoparticles
(Vermeer et al., 1998).

The leaching of humic acid from nanoparticle into water during
adsorption process was also measured by preparing a mixture of 100
ppm water dispersed HA-MNPs at different solution pH (3, 7 and 10). To
simulate the original experimental conditions, the samples were shaken
in an orbit shaker at 300 rpm for 2 h. The supernatant was filtered with
0.45 pm membrane filter and finally analyzed in the TOC analyzer. The
concentration of dissolved organic carbon (DOC) along with the amount
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of HA correlated with TOC is shown in Table S2. Results show the HA-
MNPs is a stable sorbent under different environmental conditions.

2-ASP is a very stable dye under visible or/and UV illumination when
dissolved in a solution containing only dye and no nanoparticles. The
absorption features showed no significant signs of spectral intensity loss,
throughout a 2-h irradiation period (Fig. $6). The results indicate that
light has no effect on degradation and the removal mechanism must
primarily be adsorption to the HA-MNPs.

3.3. Adsorption kinetics

Kinetic studies were performed to determine the sorption rate of 2-
ASP over a range of initial concentrations (5, 15, and 30 ppm) at a
fixed concentration of HA-MNPs (1 g/L). The temporal concentration
changes in solution for different initial concentrations of 2-ASP are
shown in Fig. S7. The adsorption of 2-ASP to HA-MNPs increased with
time. Adsorption of 2-ASP is relatively fast with ~70 % of the adsorption
complete within 60 min at an initial concentration of 5 ppm (Fig. S7). At
higher initial dye concentrations, the adsorption rate was slower and
surface saturation was observed (Fig. S7).

The adsorption of 2-ASP versus time was plotted as shown in Fig. 1A.
The kinetic studies of 2-ASP sorption exhibit a two-stage time dependent
behavior with an initial period of rapid adsorption followed by a slower
phase with >90 % of the removal within the first 30 min. The two-stage
process is explained by an initial adsorption on the surface, until all
surface sites are occupied, followed by diffusion, migration and/or
reorganization at the surface and/or within the HA film as slow
adsorption processes. Similar sorption behaviors were reported for
sorption of methylene blue (MB) to Fe;0,4 nanoparticles coated with
green tea polyphenols (Singh et al., 2017), MB, crystal violet (CV) and
cationic light yellow 7 GL (7 GL) to magnetic composite microsphere
(Yan et al., 2013), CV, MB and malachite green (MG) to humic acid
(Zhang et al., 2020).

Fig. 1a illustrates equilibrium times vary with initial 2-ASP concen-
trations. The equilibrium time is determined by t-test analyses of the two
last consecutive points for each concentration in Fig. 1a. The result of t-
test showed that the differences between adsorbed concentrations at the
two last consecutive points are not statistically significant (P> 0.05).
The equilibrium adsorption time is 120 min for 30 ppm dye while at 5
and 15 ppm concentrations, equilibrium was achieved within approxi-
mately 60 min. The faster observed equilibrium time at lower concen-
trations can be attributed to the mass transfer limitations. An increase in
equilibrium time with initial concentration has been reported for a
number of adsorbents (Bahrudin et al., 2019; Li et al., 2018). Based on
these results an equilibrium time of 120 min was employed for the ex-
periments in our study. Removal of Direct Blue 2B and Green B dyes
from dyeing wastewater collected from a textile dyeing factory in

2nd orcer
- — — - 1istorder

® C0=30 ppm
C0=15 ppm
A C0=5 ppm

Adsorbed 2-ASP (mg/g)

0 50 100 150 200
Time (min)
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Calcutta showed that the contact time for equilibrium was also ~120
min (Malik, 2004). A number of sorbents such as activated carbon/-
cellulose biocomposite films and chitosan/nano-lignin based composite
have been used in industry to remove dyes but require long equilibrium
times up to 24 h (Sohni et al., 2019; Somsesta et al., 2020).

We applied pseudo-first-order and pseudo-second-order kinetic
models to the experimental data to determine the kinetic sorption pa-
rameters using Eqs (3) and (4) (Ho and McKay, 1998, 1999).

g =q.(1—e™) (3)
kzqzl

.. /. 4

G T+ gt 4

where k; and kj is the pseudo-first-order and pseudo-second-order rate
constant, q; and q. are the amounts of adsorbed 2-ASP at time t and the
equilibrium time, respectively.

While application of least-squares method to the linear transformed
can be used to estimate kinetic sorption parameters for pseudo 1st or
2nd order models, Ho (2006) showed it is better to use a non-linear
least-squares method for the original non-linear equation (Ho, 2006;
Mahdavi et al., 201 3; Nasrabadi et al., 2017; Shahriari et al., 2018). The
SSE for kinetic models and the rate constants derived from kinetic
equations based on non-linear method are summarized in Table S3. Our
results of the pseudo 1st and 2nd order models are summarized in
Fig. 1a. Based on SSE in Table S3, the pseudo-first order and pseudo
second order models are a good representation adsorption system
consistent with previous reports for different sorbates (Chen et al., 2015;
Gautam and Tiwari, 2020; Li et al., 2019).

The change in the adsorbed concentration onto adsorbent with time
can be probed employing the Weber and Morris intraparticle diffusion
model represented by equation (5) below:

g =Kat'"? +c (5)
where Kyq is the rate constant of intraparticle transport (mg g ! min~1/2)
and c is intercept.

The intraparticle diffusion model plot of q; versus t*/2 is shown in

Fig. 1b and intraparticle diffusion rate constant K;q was calculated from
the slope provided in Table S4. The value of the intercepts indicate the
thickness of the boundary layer (Boparai et al., 2011), which has the
greater effect on boundary layer and rate limiting step of the process
(Kavitha and Namasivayam, 2007). The intraparticle diffusion model
demonstrates a two-step sorption process and revealed that intraparticle
diffusion is part of the adsorption process although not rate limiting. The
initial step is the rapid adsorption at the active sites on the surface. The
second level of the adsorption is intraparticle diffusion where dye
molecules diffuse slowly into the pores and voids of HA-MNPs as the
process approaches equilibrium. The results of Konicki et al. showed

12
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S 8 |
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& 6 -
L
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5
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Fig. 1. (a) Adsorption kinetics of 2-ASP on HA-MNPs. (b) 2-ASP adsorption modeling of the kinetic data with Weber-Morris intraparticle diffusion plot. (Initial dye
concentration = 5-30 mg/L (ppm), pH = 7.1, HA-MNP dose = 1.0 g/L, temperature = 298 K, contact time = 3 h).
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that intraparticle diffusion of the anionic dyes to magnetic Fe@graphite
nanocomposite also occurred in two steps of adsorption (Konicki et al.,
2017).

3.4. Adsorption isotherms

Equilibrium batch experiments were performed to investigate the
effect of initial 2-ASP concentration, solution pH, and sorbent loading.
The initial dye concentration has pronounced effect on adsorptive
removal processes. The effect of initial dye concentration was investi-
gated in the removal of the 2-ASP dye at 1 and 2 g/L of sorbent. The
initial 2-ASP concentrations were 3, 5, 10, 15, 20 and 25 ppm for sorbent
loading of 1 g/L and 10, 15, 25, 35, 45 and 55 ppm for sorbent dose of 2
g/L. The percent removal decreases with increasing initial dye concen-
tration, as illustrated in Fig. S8. The results show that the increase of the
sorbent dose is most effective at higher concentration of dye. For
example, removal percent at 25 ppm increases ~99 % (from ~25 % to ~
49 %) by increasing sorbent dose (from 1 to 2 g/L), while removal
percent increases only ~ 50 % (from ~51 % to ~ 77 %) for the same
increase in sorbent dose at 10 ppm. Therefore, in applying to wastewater
treatment, it is more economical to use a proportionally lower sorbent
dose at lower dye concentration. Based on our results, suggest sorbent
dose of 1 g/L at dye concentrations lower than 15 ppm may be more
economical.

The adsorption isotherm was fitted to Langmuir and Freundlich
models (Equations (6) and (7)) (Azizian, 2004) to determine the equi-
librium adsorption and the maximum adsorption capacity.

quCc

. 6
% 1 +KC, @&
q. =kC; )

where C, is the supernatant concentration at the equilibrium state of the
system (mg/L), K is the Langmuir affinity constant which is related to
the adsorption free energy (L/mg), qm is the maximum adsorption ca-
pacity of the sorbent (mg/g), k is the Freundlich constant related with
adsorption capacity, and n is the Freundlich exponent. Parameters were
calculated based on nonlinear least square method.

Fig. 2 shows the loading of absorbent material versus equilibrium
concentration for 1 and 2 g/L of sorbent. With increasing concentration,
the amount of adsorbed dye per unit weight of sorbent increases. The
Langmuir isotherm model assumes uniform and monolayer adsorption
on the surface (no multilayer or clustering of adsorbed molecules). In
addition, adsorption occurs in homogeneous adsorbent surface mole-
cules which all sites on the surface are equivalent (Langmuir, 1918). The
Freundlich isotherm model however, can accommodate heterogeneity

8
1g/L
°
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E
o
7]
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with multilayer adsorption and non-uniform active sites on the surface
of the sorbent. (Freundlich, 1906).

The adsorption parameters and sum of square errors for the Lang-
muir and Freundlich isotherms are summarized in Table 1. A plateau is
observed at high equilibrium 2-ASP concentrations suggesting a Lang-
muir process may govern the sorption of dye to the sorbent, consistent
with the purely electrostatic driven monolayer adsorption of positively
charged 2-ASP over the negatively charged surface of HA-MNPs. Other
studies related to dye removal also reported Langmuir as the best model
for the equilibrium sorption (Chen et al., 2015; Guru and Dash, 2012; Li
et al., 2019; Peng et al., 2012). The maximum adsorption capacity (qm)
value obtained from the Langmuir model was 7.45 mg/g. A summary of
the adsorption capacities of different dyes (malachite green, MG,
methylene blue, MB and DO26) with different adsorbents is provided
Table S5. The values in Table S5 indicates HA-MNPs have high potential
for removing cationic pyridinium based styryl dyes from wastewater.
where Co represents the initial dye concentration (mg L) and K is
Langmuir constant (L. mg~'). Dimensionless value of the R, indicates the
relative adsorption favorability of a system. For 0 < R, < 1 indicates
favorable adsorption of dye molecules on HA-MNPs. Moreover, smaller
values of Ry, show the greater affinity between the adsorbent and the
adsorbate (Gautam and Tiwari, 2020; Yan et al., 2013). The calculated
Ry, values are 0.035, 0.089 under our experimental conditions at an
initial 2-ASP concentration of 25 mg/L, as listed in Table 1. These values
are between 0 and 1, indicating favorable adsorption for 2-ASP under all
explored experimental conditions.

3.5. Effect of pH

The adsorption of 2-ASP by HA-MNP was measured as a function of
solution pH between 3 and 8 and results shown in Fig. S9. The overall

Table 1
Adsorption parameters and SSE based on nonlinear method.
1
Ro=—— 8
"7 14 KCo L
HA-MNP  Langmuir Freundlich
®/L) K . SSE R, k n SSE
1 1.09 + 6.3 &+ 0.409 0.035 3.29 & 0.23 + 0.341
0.19 0.2 0.17 0.02
2 0.41 = 7.45 + 0.207 0.089 34 £ 0.21 + 0.388
0.05 0.16 0.2 0.02

Separation factor, Ry, for Langmuir isotherm, were calculated by Equation (8).

°
©
E
o
7]
<
&
o
[9]
2
[o]
172}
o
<
------- Freundlich
Langmuir
® Experimental data
0@ t
0 10 20 30 40 50
Ce (ppm)

Fig. 2. Adsorption isotherm of 2-ASP on HA-MNPs. Initial dye concentration = 3-55 mg/L (ppm), pH = 7.1, HA-MNP dose = 1.0 g/L (left), 2 g/L (right), tem-

perature = 298 K, contact time = 2 h.



A. Esmaeilian and K.E. O’Shea

removal increases from 40 % at pH = 3-66 % at pH = 7.5. In general, the
sorption of dyes on the surface of the sorbent is significantly influenced
by the pH, because changing in pH can affect speciation and the surface
charge of the sorbent. The observed adsorption increase with increasing
pH can be assigned to an enhanced electrostatic attraction between the
positively charged 2-ASP and the increase in the negative charge on the
HA-MNPs surface as a function of solution pH. At higher pH, modestly
acidic groups (carboxylic, phenolic and hydroxyl groups) on the surface
of the humic acid will be ionized increasing the overall negative charge
on the HA-MNPs surface yielding a greater number of negative surface
charges to participate in electrostatic attraction to the cationic dye.
Whereas, under acidic conditions, when the solution pH is below pHpyc,
the surface charge of the HA-MNP becomes positive and thus can inhibit
adsorption of positively charged absorbates. As a result, the sorption
decreases. The increase in adsorption of a function of solution pH is not
linear and may be related to individual pKa values of different functional
groups present at the surface. This result agrees with various cationic
dyes sorption to different sorbents such as humic acid coated magnetic
nanoparticle (Gautam and Tiwari, 2020), biodegradable magnetic
composite microsphere (Yan et al., 2013), magnetic biosorbent from
peach gum polysaccharide (Li et al., 2018) and superparamagnetic
Fe304 nanoparticles coated with green tea polyphenols (Singh et al.,
2017).

3.6. Effect of sorbent dosage

The effect of sorbent dose on dye removal was studied at two
different initial dye concentrations of 5 and 25 ppm, which demon-
strated that the percent removal increases with sorbent dose, as the ge
decreases (Fig. 3 a). This is rationalized as a competition of sorbents for
sorption of the dye (Esmaeilian et al., 2015). With the total amount of
dye at the desired concentration being constant, increasing the sorbent
dose decreases the sorbate share per unit mass of the sorbent. In the
other words, the number of active sites remaining unsaturated during
the adsorption process is greater for higher sorbent doses. Fig. 3 b shows
the rate of decrease is much faster in the 5 ppm concentration than the
25 ppm concentration as there is less dye and the competition is greater.
This finding is consistent with reported literature (Kaouah et al., 2013;
Rahimi et al., 2018).

3.7. Effect of temperature

To determine specific thermodynamic parameters associated with
the adsorption process, the adsorption was measured with initial con-
centration of 5 ppm of 2-ASP (1 g/L of HA-MNPs) at different temper-
atures (22, 25, 30, 40, 45 and 55 °C) shown in Fig. S10. The adsorption
only slightly increases with temperature. The modest increase in

100
a e ©
80 )
T 60 A @
: o
o} ®
o
2 40 | 6
20 4@ &
o O----- 25 ppm
o 5 ppm
0 t t t
0 1 2 3 4

HA-MNP (g/L)

Chemosphere 286 (2022) 131699

adsorption is rationalized as an increase in molecular motions with the
HA coating increasing the effective average pore size and increased
flexibility of the adsorption sites on the surface with increasing tem-
perature. The minimal effect of temperature observed is consistent with
strictly electrostatic driven adsorption process since charge on the sur-
face and dye does not appreciably change as a function of the temper-
atures studied.

3.8. Thermodynamic study

The thermodynamic parameters were determined using the Van’t
Hoff equation.

.\ AS AH
In (Z ) X~ BT (23)

where AH (kJ mol 1), AS (J mol'K™!) are the changes of enthalpy and
entropy, respectively which can be calculated using the slope and
intercept of plotting In (qe/Ce) versus 1/T (Fig. S11). Where q. is the
amount of 2-ASP dye adsorbed at equilibrium (mg/g), Ce is the equi-
librium concentration (mg/L) of dye in solution, R is the ideal gas
constant (8.314 J/K mol) and T is the temperature (K). The Gibbs free
energy (AG) thus can be calculated as follows.

AG=AH - TAS 24

The determined values of these thermodynamic parameters for our
systems are AH = 7.7 + 0.2 kJ/mol, AS = 31.6 + 0.8 J/mol °K, and AG
in J/mol °K increased with increasing temperature from —9.3 at 295K to
—10.4 at 328 K (Table S6).

The negative value of AG shows that sorption is spontaneous and
thermodynamically favorable at all temperatures in this study. This
finding is consistent with reported literature (Gautam and Tiwari,
2020). Therefore, no energy input is needed from outside of the system.
The modest declining AG values with increasing temperature illustrate
the adsorption becomes slightly more favorable at higher temperatures.
The positive value of AS indicates that randomness of the system in-
creases. Other studies showed the same pattern (Gautam and Tiwari,
2020; Somsesta et al., 2020).

4. Deducing a relationship for predicting removal efficiency by
dimensional analysis

Isothermal studies for modeling adsorption generally employ con-
stant sorbent dose. However, sorbent dose may affect the isotherm
response. The equilibrium adsorbed dye is plotted versus equilibrium
concentration confirming the effect of sorbent dose on isotherm shape
illustrated in Fig. 4a. Moreover, removal is a function of initial con-
centration and sorbent dose, as depicted in Fig. 4b, without a specific
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Fig. 3. The effect of sorbent dosage on (a) the removal of 2-ASP, (b) adsorbed dye.
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Fig. 4. The effect of sorbent dose on (a) isotherm: adsorbed dye, (b) removal of dye.

relationship between removal and initial concentration.

In this study, a generalized empirical model that considers Cy and
sorbent dose for isothermal study and removal efficiency prediction is
deduced, using dimensional analysis employing Buckingham’s n theo-
rem (Chang and Wang, 2002; Rastogi et al., 2008).

Based on Buckingham’s n theorem, a physical phenomenon which is
a function of n variables, can be stated as a function of n-k dimensionless
groupings in which k is the number of independent physical units
(length, mass, and time). Based on different variables affecting the
sorption process, one can consider following functional relationship for
sorption:

f(Co, Ce, W, V)=0 (9)

where Cp is initial concentration of dye (mg/L), Ce is the supernatant
concentration at the equilibrium state of the system (mg/L), W is mass of
humic acid coated magnetic nanoparticle (g) and V is the volume of the
water (L).

Because in our study only length (L) and mass (M) units can be taken
as fundamental units of measurement, the dimensions of the parameters

will be as follow:
C.=M/L* Co=MJ/L’ V=L W=M 10)

Considering Cyp and W as independent parameters, the following
dimensionless groups were obtained:

C,

I, = G 11
S — CO i

Tg= Sorbent dose 12

I, = /(1) 13)

1—10, = 1 - f(I1,) 14

Considering definition of []; in equation (11), one can conclude

Co — C.

“=A(IL) 6122

oon
The right term of equation (15) is the definition of removal and by
replacing [ using equation (12):

Removal (%) =f( (16)

Co
Sorbent dose)
The removal percent versus Co/sorbent dose for all experimental
data in this study is shown in Fig. 5.
In contrast to Fig. 4b, the data in Fig. 5 follow a unique equation
(Equation (17)) that can predict removal efficiency as a function of
initial concentration and sorbent dose with R of 0.98.
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Fig. 5. Developing new equation for predicting removal.

0.082 <Smlv((l;ll llt))f)
Removal (%) = 12.495 + 91.503*¢ 7)

If in Equation (9) C. and W, are considered independent parameters,
the following dimensionless groups are obtained:

C
m:é a8)
C,
e e 9
* 7 Sorbent dose a2
Therefore,
I3 =f(Is) (20)

By rearranging equation (20) and inserting []3 and [[4 from Equa-

tions (18) and (19):
1 C, C,

e PN = P et 21
I3 A 4)_’Co f(Sorbenr dose) (21)

In Fig. 6, Ce/Cy of the experimental data is plotted versus C./sorbent
dose. In contrast to Fig. 4 a, the experimental data in Fig. 6 follow a
unique equation with good correlation.

Therefore, for estimating equilibrium concentration based on sor-
bent dose an equation is developed (Equation (22)).
C. 0.2390(C. /Sorbent dosage)

. 90 22
Co 1+ 0.2672(C./Sorbent dosage) (22)

Dimensional analysis and experimental data showed that initial



A. Esmaeilian and K.E. O’Shea

1

0.8 1 &
L\? 0.6
o Proposed model
e 3gL
0.4 + ® 25g/lL
® 2g/L
® 15gL
0.2 ® 1glL
0.5g/L
@ 02glL
0+ t t
0 20 40 60

C,/sorbent dose

Fig. 6. Non dimensional relation between equilibrium and initial concentration
and sorbent dose.

concentration/sorbent dose ratio should be considered while it is
neglected in the literature. This approach is used to develop a mathe-
matical model to predict the removal efficiency. This finding will help to
reduce the number of sorption experiments and facilitate mathematical
model development.

5. Regeneration and reusability of HA-MNPs

A method was developed to recover and regenerate HA-MNPs for
cationic dye removal. HA-MNPs saturated with 2-ASP were subject to
chemical treatment using a mixture of methanol and acetic acid at a 9:1
ratio for the desorption and regeneration. Although desorption of 2-ASP
was fast using methanol, reuse of the recovered HA-MNPs showed low 2-
ASP removal efficiency with a second cycle showing a ~50 % decrease
in adsorption capacity (Fig. S12). This decrease can be attributed to
protonation of functional groups effectively neutralizing the negative
charges on the surface of HA-MNPs during the treatment with acetic
acid. With the diminished number of negative charges present on the
surface of the HA-MNPs there was a loss in potential for adsorption by
electrostatic attraction between the sorbent and dye.

With this in mind, the regenerated adsorbent after treatment with
methanol and acetic acid was titrated with 0.1 mol/L NaOH aqueous
solution to bring solution pH 9.5 + 0.5. The resulting HA-MNPs were
rinsed with deionized water until wash solution exhibited neutral pH.
The regenerated alkaline treated HA-MNPs prepared from this proced-
ure are referred to as recycled-HA-MNPs. The recycled-HA-MNPs were
subject to five successive regeneration-adsorption cycles. The resultant
adsorption  performance of recycled-HA-MNPs in successive
regeneration-adsorption cycles is compared with the original adsorption
capacity was illustrated in Fig. S12. As shown in Fig. S12, the removal
efficiency of HA-MNPs increased ~25 % compared with original HA-
MNPs. The observed increase in adsorption capacity may be the result
of hydrolysis processes initiated by the alkaline conditions employed in
the regeneration process yielding an increase in the number carboxyl-
ates present in the HA surface via hydrolysis of esters and amides
effectively increasing the overall negative charge at the surface of the
HA-MNPs enhancing potential for adsorption of cations. The removal
efficiency by the recycled-HA-MNPs remained constant even after the
5th regeneration cycle maintaining high adsorption capacity and sta-
bility for repeated adsorption of cationic dyestuffs. The methanol, acetic
acid and 2-ASP could be recovered, reused and/or treated depending on
economic assessment (Zhang et al., 2013).

The potential of alkaline treatment to enhance adsorption capacity
has been observed in different sorbents. Ashrafi et al. showed that

Chemosphere 286 (2022) 131699

NaOH-modified rice husk (NaOH-RH) has a great potential for direct red
81 and methylene blue adsorption (Ashrafi et al., 2016). In another
study, NaOH-activated carbon demonstrated a high capacity for removal
of methylene blue, basic brown, and acid blue 74 from wastewater (Wu
and Tseng, 2008).

Our results show the adsorption equilibrium time of recycled-HA-
MNPs is reduced. This may be the result of reduced agglomeration
and/or less cationic bridging of particles due to increased negative
surface charge on the HA-MNPs. Therefore, increasing effective surface
area leading to faster adsorption kinetics. The application of a co-solvent
of acetic acid/methanol in combination with NaOH treatment for
regeneration is excellent process for regenerating of HA-MNPs (Zhang
et al., 2013). The schematic of batch adsorption-desorption experiments
is illustrated in Fig. S13.

The recycled-HA-MNPs were characterized exhibiting the pH of zero-
point charge (pHpyc) decreased to ~ 2.2 compared with the pHpyc of
native HA-MNPs (pHpzc = 3.7). The low pHpzc indicates that the
recycled-HA-MNPs are negatively charged across the environmentally
relevant acidity (pH 2-9), which inhibits the aggregation of HA-MNPs
and enhances the sorption of positively charged species (Fig. S14).
The ATR-FTIR spectra of original HA-MNPs and recycled-HA-MNPs are
shown in Fig. S15. The peaks at ~600 cm™! (Fe-0), 1565 cm™* (C=0
stretching), and 1373 ecm™! (-CH; group) in both coated and treated
magnetic nanoparticles were observed, indicating no significant change
in the structure and functional groups after treating with NaOH. Results
of this study showed that treatment of the as-prepared HA-MNPs before
the adsorption is an important modification of HA-MNPs. The regener-
ation of HA-MNPs without loss of adsorption capacity up to 5 regener-
ation cycles, implies the stability and excellent recyclability of the HA-
MNPs. Therefore, this regeneration technique can be useful for
increasing the HA-MNPs adsorption capacity.

6. Conclusions

Environmentally friendly humic acid coated magnetic nanoparticles
effectively remove of carcinogenic cationic 2-ASP dye from wastewater.
The adsorption kinetics and adsorption isotherms exhibit pseudo 2nd
order is the suitable model and adsorption happened on the monolayer
of the nanoparticles. Thermal experiments provided the evidence that
adsorption of 2-ASP onto absorbent HA-MNP was favorable, endo-
thermic and spontaneous. The results showed that both initial concen-
tration and sorbent dose effects the sorption process. Dimensional
analysis along with experimental data suggest that ratio of initial con-
centration and sorbent dose should be considered as a variable in pre-
diction of removal efficiency. Unique equation that predicts removal
efficiency as a function of initial concentration and sorbent dose ratio
with R? of 0.98 were deduced by dimensional analysis. This new finding
will help researchers in sorption studies to design their experiments
more efficiently and to develop improved empirical models in removal
prediction. The removal efficiency by regenerated HA-MNPs remained
constant up to 5 regeneration cycles. The proposed novel method for
regeneration of HA-MNPs showed that NaOH treatment prior to
adsorption may be an efficient approach in modifying the HA-MNPs
surface and enhancing the maximum adsorption capacity and removal
efficiency. Removal efficiency of treated HA-MNPs with NaOH increase
~25 % compared with original HA-MNPs. Finally, this study provides a
better understanding of the adsorption process of styryl dyes, which is
valuable as such dyes are an important contaminant in the effluent of
textile industries. Future studies are needed to evaluate adsorption to
this nanoparticle of different types of dyes which are a great concern in
water pollution in developing countries. These results shine a light on
necessary parameters for designing the wastewater treatment system for
decontamination of wastewater. Positive downstream environmental
impacts combined with the economic efficiency of incorporating this
into a filtration process make this application of nanotechnology feasible
for future use.
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