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ABSTRACT

The prepared low-cost nano-zero valent iron (nZVI) immobilized on bentonite clay (B) composite
was prepared by using the NaBH, reduction method. The morphology, structure, and composi-
tion of prepared B-nZVI was characterized by using scanning electron microscopy, transmission
electron microscopy, X-ray diffraction, and UV-Vis spectroscopy. The current study investigates
different adsorption and kinetic models that describe the adsorption process of Spironolactone (SP)
onto B-nZVI. SP was unstable in both medium of pure water and Birzeit campus activated sludge
during the study period. For comparison purposes, the removal of aqueous SP was investigated
using activated charcoal and bentonite. The effect of B-nZVI on SP removal was studied at different
adsorbent dose, contact time, temperature, pH, and initial SP concentration. The results indicated
that B-nZVI is effective in the removal of SP from aqueous solution, where removal efficiency of 99%
was achieved after 180 min. for initial SP concentration 100 + 1.27 mg L™ at pH 7, temperature 30°C
and fixed stirring rate 200 rpm. Kinetic studies showed that the removal of SP by B-nZVI correlated
well with the pseudo-second-order model. The removal is an endothermic adsorption process, and
the experimental data fitted well the Langmuir isotherm with Q__ being 111.1 and 125 mg g™ for
charcoal and B-nZVI, respectively. The calculated data indicated a significant larger binding affinity

of SP by B-nZVI over the charcoal adsorbent.
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1. Introduction

The occurrence and fate of anthropogenic chemical
species, particularly, pharmaceuticals and personal care
products in the natural aqueous environment have been
attracted much attention from researchers.

Pharmaceuticals compounds are biologically active and
found in the environment at trace concentrations [1-4]. It has
been recognized as a potential environmental problem [2,3].
Although, the trace concentration levels of pharmaceuticals
found in the environment, and their chemical persistence,
microbial resistance, specificity, high biological activity, and
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synergistic effects are still under consideration for further
studies [3]. They might cause harm even at lower concen-
trations than other pollutants detected in the environment,
which is a cause of concern in research fields.

Nowadays, nano-zero valent iron (nZVI) particles have
received great attention because of their larger specific sur-
face area with a larger number of active intrinsic surface sites,
and larger ability in the chemical reduction of recalcitrant
substances [5,6].

nZVI particles are liable to react and agglomerate in
the adsorption environment, causing a significant decrease
in its reactivity [6]. Therefore, various particle-stabilizing
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methods have been investigated for proficient diffusion of
the nZVI particles in a desorption media [7-9].

Recently, carboxymethyl cellulose studied to stabilize
nZVI particles for in situ reductive immobilization of Cr(VI)
in water [6]. Also, Cr(VI) reduced by using resin-supported
nZVI particles in aqueous solution. Reduction of Cr(VI)
leads to decrease the removal time to be 20-30 times less
than the commercial iron powder per unit mass of Fe dose [6].
Removal efficiently adsorption and low cost of Bentonite
(B), has received much potential toward removing of several
organic pollutants from an aqueous solution. The Langmuir
model was applicable in the adsorption manner of raw B
toward these pollutants with B capacity 34.34 mg g™ at pH
4.0 [10,11]. On the other hand, using B as supporting mate-
rial for nZVI will enhance the removal and degradation
efficiency of SP by adsorption on the surface of B-nZVI and
reduction by nZVI in aqueous solution.

Sulaiman and Shahwan [4] investigated the behavior
and removal efficiency of mefenamic acid, which is a class
of non-steroidal, anti-inflammatory drugs. They found that
using B-nZVI particles, 42% of mefenamic acid was removed,
whereas only 22% by using nZVI after reacting for 10 min.
with an initial mefenamic acid concentration of 100 mg L™
(pH = 6) [4].

SP is an artificial, crystalline yellowish solid, is con-
sidered as one of the most common pharmaceuticals
drug [12,13]. SP, (7a-acetylthio-3-oxo-17a-pregn-4-ene-21,
17-carbolactone) [12,13] (Fig. 1), is a competitive aldosterone
antagonist, which is categorized as asteroid drugs. SP is
insoluble in water, partially soluble in alcohol, and freely
soluble in an organic solvent like benzene and chloroform.
It is considered as a potassium-sparing diuretic (water pill)
that is used to prevent the body from absorbing too much
salt and retain potassium from getting to a dangerously low
level. SP has been widely used to treat, allergy, inflammation,
and illnesses related to adrenal cortex insufficiency. Also, SP
is used to treat or diagnose a condition in which the body
has much secretion of aldosterone (hormone regulates the
water and salt balance in the human body and produced by
adrenal glands) [12-15].

This research focuses on synthesis and characterizations
of B-nZVI, the stability and degradation of spironolactone
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Fig. 1. Structures of spironolactone.

were investigated; and a novel method was described for bet-
ter removal efficiency of spironolactone by B-nZVI. Kinetic
and isotherm Langmuir models were applied, and the
obtained experimental data was analyzed. Thermodynamic
parameters associated with the adsorption process were
calculated.

2. Materials and methods
2.1. Chemicals

Bentonite (B) with 32.4 meq/100 g cation exchange capac-
ity, and montmorillonite content (wt.) <40%. The chemical
content was 62.5% SiO,, 18.5% Al,O,, 1.75% Fe,O,, 4.25% MgQO,
2.75% Na,O and 0.95% CaO. B was sieved with a 200 mesh
screen after drying at 30°C for a night before using. Iron chlo-
ride hexahydrate (FeCl,-6H,O > 97%), Sodium Borohydride
(NaBH, > 96%) and Spironolactone (C,,H,,0,S > 97%). Fine
powder activated charcoal (particle size < 60 um) used for
batch adsorption experiments, while granular activated char-
coal was used in column experiments (particle size <700 um).
Spironolactone solution of desired concentration was pre-
pared by dissolving the required amount of the drug in a
suitable volume of de-ionized water; the latter used through-
out this experiment. De-ionized water was used throughout
this experiment. All chemicals used in this study were pur-
chased from Sigma Chemical Company Co. Ltd., (Munich,
Germany), and used without further treatment.

2.2. Birzeit University wastewater treatment plant
and SP stability

2.2.1. Birzeit University wastewater treatment plant

Birzeit University wastewater treatment plant (WWTP)
consists of a contact stabilization bond system, which has
been used to treat domestic wastewater from all Birzeit
University buildings [4]. Recently, 180 m® d™! of sewage col-
lected and treated at Birzeit University from almost 16,000
students and staff [4,16]. The wastewater characteristics
from Birzeit University WWTP are slightly diluted and
thus do not reflect a typical rural domestic sewage, because
most of the students stay for a short period in the university
campus [4,16].

2.2.2. Biological, physical, and chemical parameters
of Birzeit University WWTP sludge

Before doing any experiments biological, physical and
chemical parameters for wastewater used were evaluated
according to standard methods [17] listed in Table 1.

2.2.3. Stability study of SP

Stability study for SP presence in the sludge of Birzeit
University WWTP performed. It is worth noting, that each
experiment performed in triplicate and the average val-
ues were recorded. 100 mg L™ was used to test SP stabil-
ity in both medium, samples were collected at a different
time interval, and the SP stability was evaluated by using
high-performance liquid chromatography (HPLC).
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Table 1
Methods used and wastewater quality parameters measured in the Birzeit University WWTP
Parameter Instrument Method Reference
pH pH-meter 3320, Jenway SM#4500-H+(B) Measurement as
(United Kingdom) (on site) manufacturer procedure
. Conductivity meter4320, Jenway
Conductivity R X 2520-B APHA [17]
(United Kingdom)
Total coliforms and fecal Membrane filter method 9222-B APHA [17]
coliforms 9221-E
Orthophosphate Ascorbic acid reduction SM# 4500-PF APHA [17]
COD Hach COD reactor (United Kingdom) 5210-B APHA [17]
BOD, DO meter — Oxy 197 5220-D
NH,* Nesslerization method 4500A-NH, APHA [17]
Total bacterial count Pour plate method 9215D APHA [17]
Solids Gravimetric methods 2540B APHA [17]
2540C
2540D
2.3. Methods each sample were done and the average was taken with a

2.3.1. Synthesis of bentonite-supported nZVI

Two types of adsorbent were synthesized; nZVI nano-
particles and bentonite-nZVI via liquid-phase reduction
method in which bentonite acted as a support material as
mentioned formerly [4,8,18]:

4Fe* + 3BH; + 9H,0 — 4Fe" + 3H,BO; + 12H" + H, 1 )

B-nZVI was synthesized in (1:1) mass ratio of Fe® and B,
where 9.68g of FeCl,-6H,0 was dissolved in 100 mL of pure
ethanol and bi-distilled water of volume ratio (4:1), followed
by addition of 2.00 g of B. The mixture was kept continuously
mixing in three-neck flask for 15 min in an inert atmosphere
of nitrogen gas. Then, 200 ml of 0.47 M NaBH, solution was
gradually added to the mixture at the rate of 1-2 drops per
second, the mixture kept vigorously and continuously stirred
under an inert atmosphere. The mixture’s color gradually
converted from red-brown to light yellow then to black, and
simultaneously, the mixture formed black particles during
the reaction process [4,19].

After the complete addition of the NaBH, solution, the
mixture was kept stirred continuously for an additional
30 min under an inert atmosphere to complete consuming
NaBH, and FeCl,-6H,O. After that, the B-nZVI particles
were collected using vacuum filtration, and quickly rinsed
and washed three times by absolute ethanol. The produced
B-nZVI was dehydrated overnight at 333 K under vacuum,
and to avoid oxidation of nZVI the samples were kept
retained as a powder in a nitrogen atmosphere for further
study and analysis [20].

2.3.2. Sample characterizations

IR spectra were acquired via a Fourier transform infra-
red spectroscopy (FTIR-Nicolet 5700, Thermo Corp., USA).
The tested solution was directly analyzed using attenuated
total reflectance-Fourier-transform infrared. Five scans for

resolution of 4 cm™ [4].

The morphology and nanoparticles distribution of nZVI
on bentonite surface were analyzed by using a Philips-
FEI XL30 ESEM-TMP (Philips Electronics Co., Eindhoven,
Netherlands). The images of samples were recorded at
different magnifications at an operating voltage of 20 kV [4].

X-ray diffraction (XRD) patterns of B-nZVI samples was
recorded using a Philips-X'Pert Pro MPD (Netherlands)
instrument with a high-power Cu Ka source (K = 0.154 nm)
at 40 kV and 40 mA. All samples were measured at the
diffraction angle range of 20 = 5°-90° at a scanning rate of
3°min- [4].

Analyses were performed by an alliance 2695 HPLC
(Waters: Milford, MA, USA), consist detector with pho-
todiode array of waters Micromass® Masslynx™ (Waters
2996). Data were recorded and analyzed using Empower™
software (Waters). A conjugated of two columns were used
to separate the analytes, BXridge™ C18 guard column
(4.6 mm x 20 um) conjugated with (4.6 mm x 150 mm) C18 X
Bridge® column (5 um particle size). Microfilter of 0.45 um
was used (Acrodisc® GHP, Waters, USA).

2.3.3. Batch experiments

To study the efficiency of both adsorbent B-nZVI and
AC toward SP removal, several solutions with different SP
initial concentration were prepared: 100 ml from each solu-
tion poured into a 250 mL Erlenmeyer flask (Darmstadt,
Germany), then adding 0.1 g of the adsorbent to each flask,
separately. Solutions were shaken for 180 min, and the effect
of contact time was studied for 100 mg L™ SP concentration
at 30°C. The samples were collected and analyzed at different
time intervals. Also, the adsorbent concentration in the range
of 0.1-1.0 g L™ was studied, and the effect of temperature
in the range of 15°C-55°C was evaluated.

At the end of the contact periods, each sample was filtered
via 0.45 pum filters. In each case, a volume of 20 pL filtered
sample was injected into the HPLC and the respond of SP
was recorded. The percentage removal of SP concentration
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was calculated by using the well-known mass balance
equation:

R(%)= COC_ S 100%

0

@)

where R (%) is the percentage removal, C, (mg L) is the ini-
tial liquid concentration of SP, and C, (mg L) is the liquid
concentration of SP at a specific time t.

3. Results and discussion
3.1. Wastewater characteristics and stability of SP

Table 2 summarizes the chemical, physical, and bio-
logical characteristics of wastewater collected from the
Birzeit University WWTP aeration tank. Careful assessment
of Table 2 shows that the sludge is rich in nutrients with
medium values of total dissolved solids (TDS), chemical
oxygen demands, biological oxygen demands, settable sol-
ids, and high bacterial count. The results are predictable
because the tested samples were collected from the aeration
tank unit within the WWTP. Results also demonstrated that
wastewater used in the current experiment contains medium
amounts of suspended solids and large populations of bacte-
ria. Previous analysis of Birzeit University activated sludge
reported presence of Enterobacter species: Enterococcus faeca-
lis, Enterobacter sakazakii, Escherichia coli, Pseudomonas aerugi-
nosa, Enterobacter aerogenes, Klebsiella pneumonia, Enterobacter
cloacae, Salmonella spp., Pseudomonadaceae, Comamonadaceae,
Flavobacteriaceae, Verrucomicrobiaceae, Enterobacteriaceae, Stap-
hylococcus aureus, Streptococcus, Neisseriaceae, Enterococci and
Leptotrichiaceae [4]. Additionally, high values of TDS and
electrical conductivity are expected in municipal waste-
waters, but these values can be regulated if WWTP effluents
are going to be reused for crop irrigation.

SP stability was monitored in pure water and Birzeit
University sludge using 100 mg L™ SP concentration. The
collected data from both medium showed that the SP was
unstable and exposure to water hydrolysis and rapid bacte-
rial degradation [21].

Previous studies monitored the substances produced
from the biodegradation of SP. The results referred that
the SP is decomposed into two metabolites [12,22]. Pramar
et al. [12,23] who proposed the mechanism of SP degradation

Table 2
Physical, chemical and biological parameters of used wastewater
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to canrenone by several of known reaction in which SP con-
verted to unknown products passing through canrenone.
The human body is expansively metabolized of SP since
around 79% of the SP oral dose is decomposed to canrenone,
which is the major biologically active metabolite [12,23].
Furthermore, hydrolysis for vy-lactone rings of canrenone
to produce a water-soluble canrenoic acid (CA). Therefore,
after equilibrium, a similar concentration of canrenone and
plasma of CA are existed [24]. The previous study of liquid
chromatography-mass spectrometry metabolites analysis
indicates the absence of sodium and potassium [12], while
other evidence from in vitro studies suggested that potas-
sium canrenoate one of the principal active metabolite
analogs [12,24,25].

3.2. nZVI characterization

Typically, iron oxide forms are thermodynamically sta-
ble, while nZVI is unstable and oxidized very easily in the
presence of oxygen. The high chemical reactivity of metal-
lic iron particles leads to its high capability in transforming
different contaminants to less toxic forms [4,26,27].

nZVI is well-known to reveal a typical core-shell struc-
ture, which forms of zero-valent or metallic iron (Fe’), while
the shell is formed as a result of oxidation of the nanoparti-
cles and composed of mixed valent iron [Fe(II) and Fe(III)]
oxides. Also, the research results showed that nZVI pos-
sesses especial electron donating characteristics, which
makes it a resourceful remediation substance [28]. Through
its core-shell structure, nZVI can fix the contaminants by a
redox mechanism and/or a sorption mechanism. The core
forms an electron source for the redox reactions with several
types of organic and inorganic pollutants, while the oxide
shell offers the sites for chemisorption [4].

Since ZVI nanoparticles have strong magnetic dipoles,
it forms chain-like aggregates. When the nanoparticles
agglomerate, have a permanent oxide shell but thinner inter-
facial oxide layers separate the metallic cores. The iron oxide
layer is amorphous and disordered characteristic, causing to
the extremely small radii of the nanoparticles, which hin-
ders the crystalline formation and protects the core of the
nanoparticles against further oxidation [4,29,30].

The core layer plays an important role in the charge
transfer from the nanoparticle core to the sequestrated con-
taminant on the external surface [4]. It has semiconductor

Parameters Results Parameters Results Units

pH 7.82 +0.02 TSS 730 +20 mg L7
Conductivity pSm cm™ 532 +10 BOD 170 + 50 mg L~
Temperature, °C 16.5+0.3 COD 380 +50 mg L™
Turbidity, NTU 5,200 = 300 NH,-N 19.7+£0.5 mg L7

DO, mg L 1.21£0.02 PO,-P 48+04 mg L™

TS, mg L 1,280 + 30 FC (E. coli) 33x10°+1.7 x 10° cfu/100 mL
TDS, mg L™ 362 + 30 TC 4.2 x10°+3.3 x 10° cfu/100 mL
Settable solids, mg L 220+ 10 TAC 1.8x107+1.6 x 107 cfu/100 mL

DO: dissolved oxygen; TS: total solids; TDS: total dissolved solids; TSS: total suspended solids; TAC: total aerobic count.
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properties [4,31,32], and its charge transfer is relatively
shallow due to small thickness and the presence of not
working sites which can assist the reduction of pollutants to
take place [31,32].

nZVI and B-nZVI used in this study were characterized
using XRD, scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM) and FTIR. The XRD spectra
are shown in Fig. 2. The occurrence of nZVI in the sample
is marked by the basic reflection at 45°. The nZVI samples
usually suffer from low crystallinity, which is due to the
presence of boron (originating from the reducing agent
NaBH,) in the lattice of the metal nanoparticles. The figure
also shows the reflections of montmorillonite (M) — the main
component of bentonite — in addition to quartz (Q) which
exists as an impurity in the bentonite sample. The montmo-
rillonite reflections disappeared from the XRD diagram of
B-nZV], possibly indicating that the clay experienced exfo-
liation upon incorporating Fe nanoparticles in-between its
layers. Fig. 2 also provides an XRD pattern of nZVI after the
removal of aqueous SP. The sample has undergone massive
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Fig. 2. XRD patterns: (B) bentonite; (1) B-nZVI before adsorption
and (2) B-nZVI after adsorption.
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oxidation as evident by the disappearance of Fe® reflection
and the appearance of Fe,O, (magnetite) reflections.

SEM images of a fresh sample of nZVI, B-nZVI, and
bentonite are demonstrated in Fig. 3. Raw bentonite appears
as large flocs with leafy-like lamellas and plenty of small
ravines among different interlaminations as shown in
Fig. 3a. On the other hand, Figs. 3b and c show that syn-
thesized nZVI possesses typical chain-like aggregates,
composed of spherical nanoparticles.

In B-nZVI, a partial decrease in the aggregation of the
nanoparticles seems to occur and the aggregated and dis-
persed nanoparticles seem to accumulate at the internal
structure of the clay [4]. Fig. 3d demonstrates that nZVI mor-
phology has largely changed suggesting that the material
undergoes massive oxidation after the removal of the con-
taminant, which confirmed by XRD results given above [4].

The limited diffusion of nZVI on bentonite sheets is
clear in the TEM image shown in Fig. 4. The average size of
individual nZVI distributed on bentonite structure seems to
vary in the range of 40-100 nm [4].

The FTIR spectra of Bentonite and B-nZVI investi-
gated before and after adsorption of SP over a range of
400-4,000 cm™ (Fig. 5). The vibration band at 915 cm™ related

T110.0K\

o G
5.00um 100k SE 5/11/17 500nm

Fig. 3. SEM images of several substances: (a) B, (b) nZVI before adsorption, and (c) B-nZVI after adsorption.
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Fig. 5. FTIR spectra of: (a) B-nZV], (b) SP, and (c) B-nZVI and SP after adsorption.

to Al-O bond, while the band at 3,626 cm™ indicates the
presence of AI-O-H groups. Si-O vibrations band occurs at
1,020 cm™. The two bands at 437 and 520 cm™ are referring
to Si-O-Si and Si-O-Al (octahedral) bending vibrations,
respectively [4,33,34]. The stretching deep band of Si-O
bond in the Si—-O-Si group of the tetrahedral sheet appears
at 1,018 cm™. The stretching vibration bands of H-O-H
water molecule that hydrogen-bonded to the Si-O surface
in B shown at 1,638 cm™. Also, the bands at 458, 519, 797,
915, and 1,020 cm™ refer to the Fe-O stretching which is
originating from the thin layer of iron oxide [4,33]. These
results are consisting well with oxide bands that appeared in
B-nZVI spectrum which confirms partial oxidation for nZVI

in B-nZVI. No new band appeared after B-nZVI was reacted
with SP. This is probably because most of the adsorbed SP
concentration (or the concentration of its degradation prod-
ucts) is below the limit of detection of the FTIR instrument.

3.3. Comparative removal efficiency of SP by different
substances

3.3.1. Effect of time

Fig. 6 represents the removal efficiency of SP from
1,000 mL of an aqueous solution of 100 mg L™ initial con-
centration by using conventional adsorbents B, activated



S. Sulaiman, M. Al-Jabari / Desalination and Water Treatment 173 (2020) 283-293

80 -
H B-nZV1
80 -+

[ay]
[=]
I

% Removal Efficiency
g & B
{

=)
=]
L

=
=1
I

289

B H Activated charcoal
—
-_—
-—
-_—
50 100 150 130
Time (min)

Fig. 6. Percentage removal of SP from dispersions by B-nZVI (M), activated charcoal ('), and bentonite (M) as a function of time,

C=100mg L, dose=0.1 g L", and T=30°C.

charcoal, and the synthesized B-nZVI. The results showed
that B-nZVI is the best performance with a maximum
removal efficiency of 80%, followed by charcoal, and finally
bentonite, which showed very low removal efficiency.
Also, the data indicate that about 1 h is the time needed to
approach equilibrium when B-nZVI is used. Given the high
removal capacity of B-nZVI toward SP, this confirms that
the B established a good dispersibility and suspensibility
for nZVI during SP adsorbing process [4] and it improved
the reactivity of B-nZVI complex [4,35] with limited sorption
efficiency toward SP [36-39].

Bentonite seems to be acting mainly as a dispersant of
nZVI, which reliable with previous studies results obtained
for kaolin-supported nZVI and bentonite-supported nZVI
in the removal of Cr(V) [38], and Pb(Il) from aqueous
solution [37].

The kinetic data of SP removal by B-nZVI and activated
charcoal tested using a modified pseudo-second-order rate
equation, given as [40]:

L N @)
Q QmCOkZ Qm

where Q is the maximum amount of the adsorbate, C, is the
initial concentration, and k, is the rate constant. Both Q, and
k, obtained from the slope and the intercept of the linear plots
of t/Qvs. t.

The linear plots of the data are given in Fig. 7 for SP
removal by B-nZVI and charcoal. Under the specified con-
ditions, the obtained values of Q are 28.60 mg g for
B-nZVI and 24.4 mg g for charcoal, while the k, values are
7.3 x 10*L min™ mg and 4.6 x 10*L min™ mg™, respectively.
These calculated values suggest that B-nZVI has a higher

removal capacity of SP than charcoal and that the removal
process is faster in the case of B-nZVI.

3.3.2. Effect of initial concentration

The removal of SP at several initial concentrations by
B-nZVI], bentonite, and activated charcoal was investigated.
Table 3 summarizes the percentage removal of SP using
B-nZVI, bentonite, and activated charcoal. Under the spec-
ified conditions, B-nZVI showed the best performance at
different initial concentrations, while bentonite showed very
low removal percentages, thus suggesting that nZVI is the
complex component responsible for the pragmatic removal
of SP [4]. However, based on the three types of adsorbents, it
is clear that under the same experimental conditions, the pro-
portion removal of SP increased as the initial concentration
was increased. The experimental data were evaluated using
Langmuir isotherm, which is given by equation [3]:

c.__1 .G @)

e (k Qma>< ) Qmax

@)

Here C, (mg L") is equilibrium concentration of SP,
Q, (mg g) is equilibrium mass of adsorbed SP per gram
of sorbent, k (L mg™) is Langmuir binding constant, and
Q... (mg g") is a maximum mass of drug removed per
gram of adsorbent.

Experimental data show that decreasing of SP concen-
tration by B-nZVI and activated charcoal were found to fit
the Langmuir isotherm model (Eq. (3)), with R? being more
than 0.98 for both models (Fig. 8). The Langmuir constants
(Q,.. and k) were valuated and offered in Table 4 [4]. The
inspection of Table 4 reveals that the data fitted well the



290 S. Sulaiman, M. Al-Jabari / Desalination and Water Treatment 173 (2020) 283-293
g -
q
7
6 -
g
=,
3
5.
1

04 T T T 1

0 50 100 150 200
Time (min)

Fig. 7. Kinetic plots of SP removal by B-nZVI (#) and activated charcoal (M) using a modified pseudo-second-order equation.

Table 3

Percentage removal of SP by B-nZVI, bentonite, and activated charcoal as a function of initial concentration after incubation for

3 h at a temperature of 30°C, B-nZVI dose 0.1 g L™

SP concentration (mg L™)

Percentage removal (%) initial concentration

B-nZVI Bentonite Activated charcoal
5 34+0.5 14+1 12+0.5
10 45+0.6 1.8+1 34+05
20 52+1 35+1 48 +1
50 69+1 39=+1 56+1
100 76 +1 48+1 69+1
200 84+1 561 72+1

Ce/Qe

WB-nzvi

0 50

100 150 200

Ce (ppm)

Fig. 8. Langmuir isotherms for the removal of SP by B-nZVI (M) and activated charcoal (®) at pH 7.0, and 30°C.

Langmuir equation giving R? = 0.9895 for charcoal and 0.9984
for the B-nZVI (Fig. 8). Langmuir constants Q__ and k were
determined from the slope and intercept in Fig. 8. B-nZVI
has larger k and Q__ than activated charcoal. The Langmuir
binding constant (k) for the B-nZVI complex was about
1.5-fold greater compared with the activated charcoal, and
the value of Q__ was nearly 1.2-fold higher for the former.
Therefore, in terms of removal capacity and affinity; B-nZVI

is more efficient synthesized material for removal of SP than
the other tested adsorbents, [4].

3.3.3. Effect of B-nZVI concentration

The consequence of SP removal was investigated with
various doses of B-nZVI, namely 0.1, 0.25, 0.5, 0.75, and
1.0 g L. The corresponding removal percentages are shown
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in Fig. 9a. The data indicates that the dose of 0.25 g L™ B-nZVI
would be enough to achieve a complete drug removal
under the considered conditions. Beyond this amount, the
percentage removal did not change which suggested the
availability of enough surface sites that produced a complete
removal of SP [4]. A further test for the effect of adsorbate
dose was investigated by synthesized B-nZVI. The experi-
ments were conducted at higher SP initial concentrations,
namely 50, 100, 300, 500, and 1,000 mg L while increasing
the sorbent loading to 0.25 g L. The results are shown in
Fig. 9b indicates that up to 100 mg L SP concentration, a
complete removal is achievable. Beyond this, the percentage
removal decreases as initial concentration increases. This

Table 4

Langmuir isotherm parameters (k and Q_ ) and the correlation
coefficient (R?) values obtained from the removal of SP on B-nZVI
and activated charcoal
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trend is the opposite of the results were observed at a lower
concentration range given above and underlines the impor-
tance of the concentration range on the extent of SP removal.
The indicated results at high initial concentrations of SP can
be attributed to the unavailability of an adequate number
of active sites since a fixed amount of sorbent concentration
was used [4,41].

3.3.4. Temperature Effect

The effect of temperature on the SP removal by B-nZVI
was investigated in the range of 20°C-55°C. Fig. 9c shows
that the increase in temperature increased the removal of
SP from 74.0% at 20°C to 100.0% at 30°C. Beyond this tem-
perature, the removal appears to stay almost complete.
This endothermic behavior indicates that the temperature
increases the chemical potential of SP molecules in the solu-
tion, thus increasing their mobility and yielding a complete
removal.

Adsorbents Langmuir
k (L mg™) Q. (mgg?) R2 3.3.5. pH Effect
B-nZVI 0.0769 1250 mg g 0.9984 4 Tobstutd)z) I;I; eff]ejgc OIf‘l 1831j r;r\r/llovzj efficti\;eness b}(; CI?—ZZVI
h 1 .0557 111.1 -1 . adsorpent, U.20 g of b-n adsorbent was added on
Charcoa 0.05 66 09895 various SP solutions of different pH ranging from 3.0 to 9.0
120 120
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Fig. 9. Conditions affecting the adsorption of SP: (a) effect of B-nZVI dose, (b) effect of SP initial concentration, (c) effect of tempera-

ture, and (d) effect of pH.
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at 30°C, at an initial 100 mg L™ SP concentration. As shown
in Fig. 9d, the SP elimination concentration decreased as the
pH values changed from 3.0 to 9.0, and after 180 min, almost
100% of SP was removed by B-nZVI adsorbent. However,
when pH decreases the rate of SP removing increases, this
can be explained by ionization of nZVI surface and depro-
tonating of SP. Also, the presence of the thioester group in
SP adsorbate can undergo hydrolysis easily, while the pres-
ence of H" at low pH encourages the formation of Fe(II)-SP
complex by the reduction of SP [41]. This leads to enhancing
the adsorption removal of SP by the surface of B-nZVI adsor-
bent [42,43]. In contrast, at high pH values, the hydroxide
precipitation was observed, which caused a blocking for the
active surface sites by forming a shell over nZVI and reduc-
ing the decomposition of SP. The results are also consistent
with another previous study which indicates the forma-
tion of maghemite (y-Fe,O,) and magnetite (Fe,O,) during
the preparation of B-nZVI, which was established by SEM
images and XRD [43,44].

The PZC of bentonite, nZVI, fresh B-nZVI and recovered
B-nZVI was 3.5, 8.6, 7.3 and 5.2, respectively. As can be seen,
the PZC of B-nZVI is larger than that of bentonite which was
due to the evenly disperse of nZV], this facilitated the anionic
contaminants adsorbed on B-nZVI. After several runs, the
PZC of B-nZVI decreased compared with fresh B-nZVI,
the main reason was the consumption of nZVI during the
electrolysis process. Saturated adsorption of cationic con-
taminants on B-nZVI might be another reason [45,46].

4. Conclusions

Iron nanoparticles employed in this research consisted
mainly of zero-valent Iron. It has been observed that B can
act as a stabilizer and dispersant for nZVI particles during
B-nZVI synthesis, causing to reduce the aggregation and
improved activity of nZVI. SP was unstable in both distilled
water and Birzeit University sludge during the study period.
Batch experiments applied different parameters such as
adsorbent dosage the initial concentration of SP, time, tem-
perature and pH have various effects on the adsorption pro-
cess, but complete removal of the drug is possible under a
wide range of conditions. The obtained data correlated well
with the pseudo-second-order rate equation and Langmuir
isotherm. The comparative study of B-nZVI and activated
charcoal indicated that the B-nZVI possesses higher removal
capacity and faster removal kinetics. The removal mecha-
nism of SP using B-nZVI may be proposed by adsorption
and redox routes, which lead to adsorption of SP to B-nZV],
the formation of Fe(II)-SP complex, and/or cleavage of SH
bond of SP. However, further studies are required to shed
more light on the removal mechanism. Overall, the results
suggest that the incorporation of B-nZVI filters in second-
ary WWTPs could be promising in removing SP from the
aquatic environment.
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