& Desalination and Water Treatment

¢ www.deswater.com
(

doi: 10.1080/19443994.2015.1136695

57 (2016) 23814-23826
October

Taylor & Francis
Taylor &Francis Group

Effective removal of Hg*" from aqueous solutions and seawater by

Malva sylvestris

Bahman Ramavandi®’*, Alireza Rahbar<, Soleyman Sahebi®*

"Faculty of Health, Department of Environmental Health Engineering, Bushehr University of Medical Sciences,

Bushehr 7518759577, Iran, Tel. +98 9363311903; Fax +98 77334550134, emails: ramavandi_b@yahoo.com, b.ramavandi@bpums.ac.ir
bSystems Environmental Health, Oil, Gas and Energy Research Center, Bushehr University of Medical Sciences, Bushehr, Iran
Faculty of Health, Department of Nutrition, Bushehr University of Medical Sciences, Bushehr, Iran,

email: rahbar_alireza@yahoo.com

“School of Civil and Environmental Engineering, University of Technology, Sydney (UTS), P.O. Box 129, Broadway, Sydney,
NSW 2007, Australia, Tel. +61 295142647, email: soleysahebi@gmail .com

Received 11 August 2015; Accepted 21 December 2015

ABSTRACT

This paper introduces a biomaterial prepared from Malva sylvestris for environmental
remediation and medicine treatment purposes. The effects of pH (2-12), adsorbent dose
(0.1-1.25 mg/L), Hg** concentration (5-15 mg/L), and contact time (3-60 min) were studied
on the removal of Hg®" from aqueous phase. The results were compared with powder of
charcoal tablet, a medicine drug. At pH solution of 8, over 96% removal of 10 mg/L Hg2+
was obtained for a M. sylvestris powder (MSP) dose of 1.5 mg/L after a 40 min contact time;
while for these conditions only 60% of Hg*" was removed by charcoal tablet powder (CTP).
The Langmuir model was the best fit for the experimental data, which attains a maximum
adsorption capacity of 602 and 389 mg/g for MSP and CTP, respectively. Surface analyses
(Fourier transform infrared, scanning electron microscopy, Brunauer, Emmet, and Teller,
and X-ray photoelectron spectroscopy) of the MSP were also performed. The co-adsorption
study indicated that the Hg** adsorption by MSP was 33% increased by addition of 2 mg/L
ceftriaxone antibiotic. The MSP had acceptable performance after four times recycling. The
MSP could be used to remove Hg2+ ions from seawater. Accordingly, the finding of this
work suggests that the prepared adsorbent, MSP, is an efficient, no-cost, and promising
biomaterial for the removal of Hg** ion from liquid phase and could be substituted for
charcoal tablets in medicine.
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1. Introduction

Adsorbents are widely applied for many purposes
such as pollutant remediation [1-3], environmental
sampling [4], analysis [5], food industries [6,7], and

*Corresponding authors.

medicine [8]. In the field of medicine, adsorbents have
been used from 50 years ago for treating illness such
as heavy metal poisoning and bloating [9], and acti-
vated carbon or charcoal is the most widely used
adsorbent. Charcoal is the first footsteps in the algo-
rithm of heavy metal poisoning treatment. Commer-
cially available activated carbon is still considered
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expensive owing to the use of relatively expensive
and non-renewable starting materials, such as coal.
Further, the production of activated carbon is complex
and expensive, making adsorption technology eco-
nomically non-efficient. To make the adsorption
method attractive and feasible, novel low-cost adsor-
bents with higher adsorption capacities are required.
This has led to a growing research interest in the pro-
duction of new adsorbents from renewable and no-
cost precursors. Therefore, many biological materials,
agricultural residues, waste materials, and self-grow-
ing plants can be investigated for the production of
potential adsorbents. For instances, agricultural and
waste materials have recently been viewed as poten-
tial low-cost adsorbents, and many reports have been
published showing their ability to remedy various
contaminants including heavy metals (for example,
[10,11]). The grass of Malva sylvestris is proposed as a
no-cost and profoundly accessible potential adsorbent.

To evaluate the adsorption potential of M. sylvestris
for capturing adsorbates from aqueous solutions, Hg**
ions were selected as a model pollutant; several bio-
chars have been studied using Hg®" as the model con-
taminant. Among the biochars tested over the past
decade, some biochars like rice husk ash [12] and sug-
arcane bagasse [13] have presented considerable
adsorption capacity. However, the application of these
biochars is restricted practically because the adsorbent
is not available in great enough amounts. In the other
words, despite having a significant capacity for pollu-
tant adsorption, most of these materials are not pro-
duced in a central location in one country; therefore,
they are not available in sufficient bulk to be commer-
cialized for full scale application. Indeed, a candidate
biochars that can act as an option to activated carbon/
charcoal must both have a high adsorption capacity
and be abundantly available in bulk at no or low cost.
In this context, M. sylvestris was proposed to be
assessed for its potential to adsorb Hg**. M. sylvestris
has been considered because it is a self-seeding, fast
growing, and common plant that grows mainly
throughout Iran, especially in the surrounding area of
Bushehr city and is easily prepared and used. It is a
small, annual plant, with hollow stems, and a height
of up to 0.5 m, from the Malvaceae family. M. sylvestris
may be one of the world’s oldest plant foods known
to humans, especially in Mediterranean and Middle
Eastern countries. This plant is used in traditional
medicine for curing toothache, belly pain, cystitis,
cough, cold, and bronchitis [9]. In animal models, M.
sylvestris presented an antinociceptive effect, in skin
inflammatory condition, anti-inflammatory action in
mucous membranes, and in carrageenan-induced paw
edema when topically applied [14,15].

23815

To the best of the authors” knowledge, no publicly
funded research has yet studied the use of M. sylves-
tris in applications such as water and wastewater
treatment and heavy metal detoxifying. Therefore, it is
very interesting to test the potential of M. sylvestris to
remove Hg*" ion from aqueous solutions. The aim of
the present study was to explore the potential of M.
sylvestris to remove a model pollutant, Hg** ions, from
aqueous solution and seawater under different opera-
tional parameters. The effects of the main parameters,
that is, solution pH, adsorbent dose, adsorbate concen-
tration, contact time, and solution temperature were
explored for Hg** removal. The co-adsorption of Hg*
and ceftriaxone antibiotic and the surface analysis of
MSP were also studied.

2. Experimental
2.1. Materials

The M. sylvestris powder (MSP) was prepared from
leaves and stems of M. sylvestris as follows: First, M. syl-
vestris, was obtained from the north of Bushehr Pro-
vince, Iran. Then the samples of M. sylvestris were air-
dried for three consecutive days and powdered using a
grinder to obtain the particle size of mesh 200. Finally,
the prepared powder was put an oven at a temperature
of 500°C under air and kept at this temperature for 2 h.
Thereafter, the resulting MSP was put in a capped glass
vessel for use as an adsorbent as required. The charcoal
tablet was supplied from a local pharmacy. The tablet
was grinded and powdered and sieved to mesh size of
200 to obtain charcoal tablet powder (CTP). The main
properties of CTP are presented in Table 1. The ceftriax-
one (CF) antibiotic with analytical grade was provided
from Sigma Aldrich Co., and used as received. The
characteristics of CF are listed in Table 2.

2.2. Experimental procedure

Hg®* removal tests with the prepared MSP and
CTP were conducted as a batch test in 100-mL flask

Table 1

Main characteristics of CTP

Characteristic Unit Value
BET m’/g 972
Total pore volume cm’/g 0.0011
Average pore diameter nm 0.68
BET constant C - 328
PHpc - 8.1
Total ash % 1.64
Particle size Mesh 200
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Table 2
Main properties of ceftriaxone antibiotic used in this study
Parameter Unit Character/value
Molecular structure - Al

S e

N, ”O;— N A SN
oME  Coone ':‘I‘T’:“‘cma
[+]

CAS number - 74,578-69-1
Molecular formula - C15H16NgNay,O,53
Molar mass g/mol 661.59
Solubility in water 400

g/Lat 25 °C
Dissociation constant (pK,) -

~3(COOH), 3.2(NH3"), and 4.1(enolic OH)

while agitating on a shaker-incubator instrument
(Parsazma Co., Iran). Each test consisted of preparing
50 mL of Hg** solution with a given initial concentra-
tion, and the initial pH of the solution was adjusted
by adding 0.1 N HCl and NaOH solutions. Thirty
milliliter aliquots of the samples were then filtered
through 0.45-um filters at determined time intervals.
The percentage of removal and the amount of adsorp-
tion at equilibrium, g, (mg/g), by MSP and CTP were
obtained by the following equations:

Co —Cy
0

Adsorption (%) = x 100 ¢))

CO - Ce
G =—7— X \% 2
where Cy, C;, and C, (mg/L) are adsorbate concentra-
tions at initial, final, and equilibrium, respectively. V
(L) is the solution volume, and W (g) is the dry mass
of adsorbents.

The pH, adsorbent dosage, initial adsorbate con-
centration, and contact time were the variables in this
work. The experimental runs and the corresponding
conditions are presented in Table 3. All tests were
done in triplicate to ensure the reproducibility of data,
and the average values are stated. Control tests con-
taining no MSP or CTP were also performed.

To assess the isotherms of Hg** adsorption onto
CTP or MSP, a series of tests were conducted. The
quantity of 100 mL of a solution containing 5-35 mg/L
of Hg** with a pH of 8 was poured into seven flasks.
Thereafter, 1 g of MSP or CTP was added to each flask.
The flasks were subsequently stirred at an adjusted
temperature (24°C) for 1,440 min at 120 rpm to achieve
equilibrium. Finally, the suspensions were filtered
using the Whatman filter, and the filtrates were
analyzed for residual Hg*".

To do reusability tests, the MSP and CTP were
regenerated for four consecutive cycles by using
1 mol/L HCI solution. The regenerated adsorbent was
then subjected to Hg>* adsorption under the experi-
mental conditions presented in Table 3.

The impact of MSP and CTP on mercury ions
adsorption from a complex matrix (seawater) was also
studied. To do this, a bulk quantity of seawater was
supplied from the Persian Gulf and spiked with
10 mg/L Hg**. No other properties of the seawater
were adjusted and spiked to given value. The seawa-
ter, consisting of both organic and inorganic sub-
stances, was alkaline (pH 8.1) in nature. In this
section, the tests were carried out under the conditions
that were determined in Table 3.

2.3. Adsorbent characterization and analytical methods

The characterizations of the MSP were determined
by assessing the pH of zero point charge (pHpo),
specific surface area, pore volume and size, surface
functional groups, and surface morphology. The speci-
fic surface area based on the Brunauer-Emmet-Teller
(BET) method. The pore volume was calculated by
Micromeretics/Gemini-2372. The mean pore diameter
was determined using BET, and the total pore volume
was measured using the method stated by Altenor
et al. [16]. The structural surface of the prepared
adsorbent was determined by scanning electron micro-
scopy (SEM) (Philips XL-30). The functional groups
present on the surface of the MSP were identified by
Fourier transform infrared (FTIR) spectroscopy (Shi-
madzu 4300). The X-ray photoelectron spectroscopy
(XPS) analysis was performed with an AXIS-Ultra
instrument from Kratos Analytical using monochro-
matic Al Ko radiation (15 mA, 225 W, 15 kV) and low
energy electron flooding for charge adjustment. To
adjust the surface charge impacts, binding energy was
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Table 3
Experimental runs and conditions
Experimental conditions
Hg2+
concentration Adsorbent Contact Temperature
Run Experiment pH (mg/L) dose (mg/L)  time (min) (°C)
1 Effects of solution pH 2-12 5 1 40 24
Effects of adsorbent dose 8 10 0.1-1.25 40 24
3 Effects of Hg®" concentration 8 5-15 1 3-60 24
and contact time
4 Co-adsorption of Hg?* and 8 15 0.5 40 24
ceftriaxone antibiotic
5 Adsorption isotherm 8 5-35 1 1,440 24
6 Effects of solution temperature 8 10 1 40 5-35
7 Reusability study 8 10 1 40 24
8 Removal of Hg** from the As original (8.1) 10 1 40 24

complex matrix (seawater)

controlled using Cls hydrocarbon peak at the binding
energy of 284.80 eV. The information was first con-
verted into VAMAS file format and then imported
into CASAXPS software for manipulation and curve
fitting.

The concentration of Hg?* ion in solutions was
measured using atomic absorption spectroscopy
(Atomic Absorption/Flame Emission Spectrophotome-
ter Shimadzu AA-670). The solution pH was deter-
mined using a pH meter (Sense Ion 378, Hack). The
solution temperature was measured by a mercury
thermometer. The level of ceftriaxone sodium was
determined using liquid chromatography (Agilient
1100, USA). The mobile phase was of a mixture of ace-
tonitrile (73:27, v:v) and 0.02 mol/L N-octyl amine
and the wavelength of 254 nm was applied to detect
ceftriaxone sodium with a flow rate of 1 mL/min.

The paired f-test statistical analysis at a 95% confi-
dence level (p <0.05) was used to compare the Hg>*
removal efficiency of MSP and CTP. The statistical anal-
ysis was performed using SPSS software version 22.

3. Results and discussion
3.1. Characteristics of charcoal

Surface analysis indicated that MSP had a BET
multipoint surface area of 2.34 m*/g and a total pore
volume at 0.9925 P/P, of 0.0002 cm>/g. BET constant
C of MSP was achieved 846, indicating the affinity of
MSP to uptake Hg** ions from solutions. According to
the calculations, the average size of pores was
0.78 nm, confirming that MSP was a microporous
adsorbent. Because the specific surface area of MSP is

low, the functional groups are likely have a more pro-
nounced role than BET [17] in adsorbing mercury ions
from solutions. The surface structures of the original
and Hg-loaded MSP imaged at the same magnification
are presented in Fig. 1. As shown in Fig. 1(a), the orig-
inal MSP was a porous material with a smooth sur-
face. Fig. 1(b) depicts MSP after adsorption, indicating
that mercury ions are adsorbed evenly on the surface
of MSP. The EDX analysis of adsorbent before and
after Hg®" adsorption (data not shown) confirmed this
observation. The presence of mercury on MSP (~84
wt.%) showed that the mercury ions removed from
solution had been adsorbed onto MSP. The pHzpc of
the prepared biochar, MSP, was determined from the
titration curve to be approximately 7.3, signifying a
positive surface charge for a solution pH <7.3 and a
negative surface charge for a solution pH > 7.3.

The chemical structure of adsorbents is very
important in understanding the adsorption process.
The FTIR technique is a useful tool to identify the
characteristic functional groups. In Fig. 2, the func-
tional groups of fresh MSP and Hg**-adsorbed MSP
and the corresponding infrared adsorption bands are
presented. As shown in Fig. 2 and on the basis of the
existing literature [17], it is known that the spectra dis-
play a number of adsorption peaks, indicating the
active functional groups on the MSP surface. These
peak shifts after adsorption indicate that the bonded
-OH, -NH,, -C-H, and -COOH functional groups
play a key role in Hg** adsorption onto the MSP. The
main changes in the band between 2,800 and
3,500 cm™! after the adsorption of Hg** indicate the
chemisorption processes predominantly involved in
the adsorption of Hg*" by the MSP. The disappearance
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Fig. 1. SEM micrograph of (a) fresh and (b) Hg**-loaded MSP.
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Fig. 2. FTIR spectra of MSP at wave numbers from 400 to 4,000 cm ™.

of the peaks 2,931.27 and 1,450.2 cm™" after mercury
ions adsorption might demonstrate that the corre-
sponding functional groups (that is, -C-H and-
COOH) are completely involved in the adsorption
process. This result also implies that a complex C, N,
and O atoms of the functional groups of the MSP
surface is involved in adsorbing Hg** [18].

3.2. Effects of solution pH

Since the pH of the aqueous solution plays an
important role in the adsorption process, in Run 1
experiments, the effect of solution pH on the removal
of Hg?* by MSP was examined under the conditions
presented in Table 3. The adsorption pH was tested in
a range of 2-12 and to avoid the formation of mercury
hydroxide precipitation at alkaline condition, the
experiments were performed using Hg>* concentration

of 5mg/L [19]. The results of pH effect on Hg**
removal are presented in Fig. 3. This figure clearly
indicates that the adsorption of Hg®* was highly
affected by the solution pH. Similar observations were
stated for Hg”* adsorption onto different adsorbents
by other authors [2,20-22]. As seen from Fig. 3, both
adsorbents (MSP and CTP) had a same trend for
adsorption of Hg*" ions, however, the efficiency of
MSP was more notable than CTP. Under acidic condi-
tions, the lowest amounts of Hg®" were adsorbed.
Fig. 3 also shows that Hg®" adsorption onto the MSP
increased from 34 to 100% when the pH solution
increased from 6 to 10. It can be said that at acidic
conditions, the amount of negatively charged surface
sites decreases and the amount of positively charged
sites increases due to the protonation effect. Under
these conditions, the adsorption of positively charged
Hg>* ions is restricted due to electrostatic repulsion.
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Fig. 3. Effect of pH on Hg?* adsorption by MSP and CTP.
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mercury adsorption was studied in under the condi-
tions specified in Table 3. The results are presented in
Fig. 4. As can be seen from Fig. 4, at the adsorbent
dose of 1.25 mg/L the mercury ions were completely
removed by MSP while only 67% Hg>* was removed
by CTP at this dose. This is one of the advantages of
MSP in comparison with CTP. The increasing of Hg?*
adsorption by increasing of both adsorbents dose
could be explained by the greater availability of active
binding sites and to the presence of a greater surface
area for adsorption.

From Fig. 4, increasing the CTP dosage from 0.1 to
0.75 mg/L increases the percentage of Hg>* removal
from 22 to 56% after 40 min contact time, while with
further increases in the CTP doses the percentage of
Hg®" removal exhibited no significant increase. One
plausible reason could be due to the overlap of active
sites at higher CTP doses, resulting in decreased effec-
tive surface area required for Hg** adsorption [24,25].

3.4. Effects of Hg** concentration and contact time

The effect of varying initial Hg>* concentration
from 5 to 15 mg/L on adsorption was studied under

Adsorbent dose (mg/L)

Fig. 4. Effect of adsorbent dose on Hg*" removal.

the conditions provided in Table 3. Fig. 5 presents the
average results of duplicated examinations. According
to Fig. 5, the adsorption efficiency of Hg** was notably
greater for adsorption onto MSP that onto CTP,
reconfirming the better performance of MSP to remove
Hg”* compared with CTP. Maximum removal of Hg**
at the initial concentration of 5mg/L by MSP and
CTP was 100 and 69%; maximum removal efficiencies
decreased to 93% (by MSP) and 58% (by CTP) when
the initial Hg®* concentration was increased to
15 mg/L. Generally, the rate of adsorption process
was higher within the first 10 min of contact time for
both adsorbents. Based on data illustrated in Fig. 5(a),
by increasing the contact time to 60 min, the mercury
ion removal were obtained 93, 98, and 100% for initial
Hg2+ concentrations of 5, 10, and 15mg/l, respec-
tively. Considering that the concentration of adsor-
bents (MSP or CTP) was constant during the tests
(1 mg/L), the decrease in removal efficiency with
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Fig. 5. Effect of Hg2+ concentration on Hg2+ removal by (a)
MSP and (b) CTP as a function of contact time.

increased Hg”* concentration could be accounted to
limited availability of adsorption sites for increased
amounts of Hg2+ ions [26,27]. These results are in
accordance with those of other research. For example,
Wang et al. [28] and Moussavi et al. [29] stated a simi-
lar trend of changing adsorption efficiency as a func-
tion of initial pollutant concentration, although
experiments were carried out with a different adsor-
bent and adsrobate. These findings imply higher affin-
ity and thus favorability of MSP for adsorbing Hg”*
from aqueous solutions.

3.5. Co-adsorption of Hg** and ceftriaxone antibiotic onto
MSP

The co-adsorption of ceftriaxone (CF) and Hg**
onto MSP in different concentrations of CF solutions
was studied according to conditions indicated in
Table 3. As shown in Fig. 6, Hg*" adsorption by MSP
was significantly improved in the presence of CF,
while Hg*" adsorption by CTP was suppressed by the
addition of CF. From Fig. 6(a), at the contact time of
60 min the removal percentage of Hg** was increased
to 17 and 36% when 0.5 and 2 mg/L CF was present
in the solution, respectively. This is further evidence
for showing the superiority of the MSP to the CTP.
The adsorption of CF provided additional adsorption

B. Ramavandi et al. | Desalination and Water Treatment 57 (2016) 23814-23826
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Fig. 6. Co-adsorption of Hg** and CF onto (a) MSP (b)
CTP.

sites for Hg>" by complexation, forming tertiary sur-
face complexes MSP-Hg**~CF.

The co-adsorption of heavy metal ions and organ-
ics onto adsorbents, such possible reasons for the
enhancement effect, as the higher affinity of the com-
plex and the creation of new sites of the efficient
bridge, were all described in the literatures [30,31]. To
further reveal the roles of CF in Hg®" adsorption onto
MSP in the binary system, the XPS analysis of the
MSP after the adsorption of Hg** and Hg**-CF were
conducted (see Fig. 7). Herein, the complexation
between CF and Hg** has been demonstrated by XPS
spectroscopic analysis, suggesting that [Hg-CF] com-
plex could be adsorbed with a higher affinity to the
solid phase (Route I, Fig. 8). On the other hand, sur-
face complex interaction of Hg>* and CF on solid
phase could also occur, in which CF offered new
active sites to effectively bridge for Hg>* adsorption
(Route II, Fig. 8). Each of the two routes possibly
strengthened the adsorption of Hg** on MSP in binary
systems. A wide scan of MSP-CF-Hg samples was
presented in Fig. 7(a). Except the major elements Cls,
Ols of the MSP, clear S2p, N1s, Hgdp peaks succes-
sively occurred at around 164.0, 397.9, and 932.6 eV,
which  provided sufficient evidence of the



B. Ramavandi et al. | Desalination and Water Treatment 57 (2016) 23814-23826

23821

(8)120{)0—

Cis
10000 4

8000 +

6000 +

Nis

Intensity

4000 ~

2000
S2p

o raernmporosd

018  saml

W

0 200 400

600 800 1000

Bonding energy (eV)

Hg4p (MSP+Hg)

Intensity

2200 -
Hgdp (MSP+CF+Hg)

953.83

Ay oY

20004
933.77

18004

1600

960 950 940 930
BE (eV)

( 930

960 950 940
BE (eV)

Fig. 7. (a) XPS wide scan of MSP + CF + Hg (the peak of Hg4p was amplified) and (b) XPS spectra of Hgdp in the

samples of MSP + Hg and MSP + CF + Hg.

co-adsorption of CF and Hg*" onto the adsorbent [30].
In the Hgdp spectra (Fig. 7b), a satellite band (940.57-
941.60 eV) was observed nearby the Hgdp peak
(933.53-933.76 eV), which was representative of the
oxidation state of Hg*" [32]. On MSP, the presence of
CF induced the shift of the Hg 4p peak from 933.53 eV
to 933.77 eV due to the formation of Hg**~CF com-
plex. The XPS analysis showed that Hg**and CF
formed complexes at the interface of the MSP, thereby
enhancing their removal from the aqueous solution.

According to the above explanations, the complex
of [MSP-CT] (Route I) and surface complex interaction
between mercury ions in aqueous phase and MSP sur-
face (Route II) were both possible mechanisms for the
synergistic effect. Herein, the possible mechanisms for
enhanced adsorption of Hg®* and CF onto MSP are
depicted in Fig. 8. Further, Route II was confirmed to
be superior, particularly in high concentration of CF.
Two types of sites newly supplied by CF on the sur-
face of MSP were identified to contribute jointly to the
complex-interaction of mercury ions and MSP-CF; one
of them was -COOH group (Site I) and the other was
-NH, group (Site II). The mercury ions were removed
by the former through ion-exchange mechanism, and
the latter though coordination one.

3.6. MSP capacity for Hg** removal

An isotherm represents the relationship between
amounts of Hg®" adsorbed onto adsorbent at given
experimental conditions and the equilibrium concen-
tration of the adsorbate in the liquid phase. Therefore,
an isotherm would be informative for determining the
maximum capacity of adsorbent for the adsorbate,
designing an optimized adsorption process, and deter-
mining the main mechanism involved in the adsorp-
tion process. In this regard, the conformity of
experimental data with three of the most used iso-
therm models (Langmuir, Freundlich, and Dubinin-
Radushkevich) was evaluated. The linear forms of the
equations are provided below:

Ce 1 Ce
+

e _ 3)
Je  bGmax

max

where gm. (mg/g) represents the maximum adsorp-
tion capacity. The parameter b represents a coefficient
related to the energy of adsorption and increases with
an increase in the strength of adsorption.

Ing. =In K¢ + %ln Ce 4)
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where Ky and n are the constants of the Freundlich
model. Kg is the capacity of the adsorbent for the
adsorbate, and 1/n is the reciprocal of the reaction

order, which is a function of the strength of
adsorption.
In g. = In g, — Kpg & )

where g,,, represents the maximum adsorption capac-
ity (mg/g); Kpg represents a constant (mol*/kJ?); and
¢ represents the Polanyi potential (J/mol).

The information obtained from isotherm modeling
was summarized in Table 4. As can be seen, from the
correlation coefficient (R?) values the Langmuir model
exhibited the best fit for the adsorption equilibrium
experimental data for both adsorbents, which very
well implies the monolayer adsorption pattern on an
energetically uniform surface. The suitability of the
adsorption process could be evaluated by calculating
the separation factor constant (Rp = (1/(1+ Cpb)):
Ry, > 1.0, unsuitable; Ry, =1, linear; 0 < Ry, < 1, suitable;
Ry =0, irreversible [25]. The values of R; lie between
0.3731 and 0.8064, indicating the suitability of the MSP
as adsorbents for Hg>* from aqueous solution. Fur-
ther, the value of the constant n in the Freundlich
model, included in Table 4, was much greater than
unity, which also verifies that MSP is an appropriate
adsorbent for the removal of Hg®" from aqueous
solutions.

The gmax values for MSP and CTP attained were
602 and 389 mg/g, respectively. The greater Hg”*
adsorption capacity of MSP than CTP (under similar

Table 4
Isotherm parameters for the adsorption of Hg>* by MSP
and CTP

Isotherm Parameters MSP CTP
Langmuir = gmax (mg/g) 602 389
b (L/mg) 0.048 0.096
R? 0.998 0.993
Ry 0.3731-0.8064  0.2293-0.6757
Freundlich Kg 112.3 81.6
n 42 2.6
R? 0.841 0.833
D-R Kpr 0.0026 0.0108
E = (1/2Kpp)*® 13.8 6.8
R? 0.923 0.917

conditions) can further be described by considering
the BET constant C. The BET constant C is related to
the adsorption energy in the first adsorbed layer.
Accordingly, the value of C represents the magnitude
of interactions between Hg2+ ions and adsorbents; the
greater the BET constant C value the greater the inter-
actions between Hg2+ ions and adsorbent, and thus
the higher the adsorption rate and capacity. The val-
ues of BET constant C for CTP and MSP are 327 and
846, respectively, indicating that Hg2+ had a signifi-
cantly greater interaction with the surface of MSP that
of CTP resulting in greater adsorption of Hg®" ions
onto MSP than onto CTP. The greater interaction
between Hg®" and the MSP than the CTP may be
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Table 5
Comparison of the maximum adsorption capacities of Hg**
ions on different adsorbents

23823

Table 6
Parameters of the Persian Gulf water after and before
treatment by MSP and CTP

qmax
Adsorbents (mg/g) Refs.
MSP 602 Current
work
CTP 389 Current
work
Thiol functional organoceramic 726 [1]
Activated carbon from waste 25.88 [32]
4-aminoantipyrine immobilized 52 [34]
bentonite
Amine group-containing chelating 857 [35]
fiber
Polystyrene modified with 31 [36]
2-amino-pyridine
Polyaniline/reduced graphene 1,000 [37]
oxide
Marin macroalga 178 [38]
Chitosan foams 350 [39]
Chitosan 750 [40]

related to the higher density of charge and surface
functional groups in MSP compared to that in CTP
(Fig. 2). It concludes that there are a greater number
of available sites on the surface of MSP than on the
CTP for interaction with the Hg*" ions.

From Table 4, the gmax value of MSP was notably
greater (54%) than those obtained for CTP, indicating
MSP is a promising method for decontaminating mer-
cury ions from aqueous solution. Further, the gmax
value of MSP was higher than some gm.x values of
previously stated adsorbents (see Table 5). However,

100

After treatment by

Parameters Before

(mg/L) treatment MSP CTP
pH 8.1 7.4 7.8
DOC 3.6 33 3.2
SO~ 2,492 2,432 2,389
cr 18,733 18,693 18,690
K* 532 502 489
Mg?* 1,381 1,308 1,291
Cu** 97 62 81
Ca® 445 438 437
*Hg** 10 3.88 8.17

*The background level for mercury ion of the Persian Gulf water
was zero and the water was spiked with 10 mg/L Hg*".

the adsorbents with higher amounts of gmax Will not
be potential alternative for possible applications in
medicinal uses as these materials are synthetic and
non-edible. Therefore, the advantages of MSP are high
adsorption capacity, availability and abundance of the
propellant material, and simplicity of preparation.
These items make MSP as an economical and efficient
adsorbent for separating Hg*" from effluents.

Based on the results of the Dubinin-Radushkevich
(D-R) model (Table 4), the amount of free energy in
Hg”* adsorption by MSP and CTP were 13.8 and
6.8 kJ/mol, respectively. A value of E between 8 and
16 kJ/mol and less than 8 kJ/mol indicates that
chemisorption and physisorption are the dominant
processes under the experimental conditions [33],
respectively. Thus, the adsorption of Hg>* by MSP

B MSP

90 1 ocTp

80
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60 -

Hg?* removal (%)
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Fig. 9. Effect of solution temperature on Hg** removal by MSP and CTP.
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Table 7
Reusability of MSP and CTP for Hg*" removal from aqueous solution and seawater
MSP CTP
Cycle of use Aqueous solution Seawater Aqueous solution Seawater
Fresh 93.4 61.2 57.8 18.3
1 90.2 54.8 53.4 12.1
2 85.6 48.4 46.5 3.7
3 79.9 38.5 40.1 0
4 70.1 27.8 31.8 0

occurs by a mechanism of chemisorption and the
physisorption was the main mechanism for the target
pollutant removal by CTP.

3.7. Effect of solution temperature

The adsorption of Hg** onto MSP and CTP was
investigated at temperatures of 5, 10, 15, 20, 30, and
40°C at conditions given in Table 3. As presented in
Fig. 9, different trends were found for the adsorption
process for both adsorbents reaffirming that the
adsorption process of mercury ions by both adsor-
bents was different. The increase in the solution tem-
perature from 5 to 40°C leads to an increase in the
mercury ions removal from 59 to 100%, respectively,
by MSP. This may show that the adsorption of Hg**
ions onto active sites of the MSP surface are endother-
mic and could be enhanced by availability of more
active sites of the adsorbent, the enlargement and acti-
vation of the adsorbent surface at higher temperatures.
Another plausible reason for the higher Hg>* adsorp-
tion at the higher solution temperature is that the easy
mobility of mercury ions from the solution to the MSP
surface and thereby the enhanced accessibility to the
adsorbent active sites. These results are supported by
other researchers [41-43].

3.8. Removal of Hg** from the complex matrix (seawater)

To study the effects of seawater as a natural and
complex matrix on the adsorption of mercury ions by
MSP and CTP a test was performed under conditions
given in Table 3. The seawater obtained from the Per-
sian Gulf coast at Bushehr was filtered using 0.45 um
filter membrane and then stored in polyethylene bot-
tles [44].The results are presented in Table 6. As can
be seen, the removal percentage of Hg”* from the sea-
water reached 61.2 and 18.3% for MSP and CTP,
respectively, after 40 min. Further, from Table 6 not
only Hg?* ions were removed by MSP but other char-
acteristics of sea water were also reduced during treat-

ment. Other notes could be derived from Table 6 are
that the efficiency of MSP was more than CTP for
Hg®" removal from seawater. The affinity of mercury
ions for MSP was more than CTP as mercury ions
removal by MSP was greater than the CTP. Based on
the results, the MSP is a reliable and potential tech-
nique to capture Hg”" ions from the natural sample.

3.9. Reusability of MSP and CTP

An important property of an adsorbent, from envi-
ronmental and economical point of view, is its
reusability potential. To evaluate the reusability of
MSP and CTP in the adsorption of Hg** from both
aqueous solution and seawater, an experimental phase
was done according to conditions specified in Table 3.
The mercury ions removal efficiencies that were moni-
tored for four times recycling of MSP and CTP are
presented in Table 7. As can be seen from Table 7, the
MSP preserved its capability after four times recycling
and the efficiency was still acceptable for Hg*
removal from aqueous solution. It can be concluded
that the MSP is more effective than CTP and can be
used in multiple cycles for mercury removal from
both aqueous solution and seawater.

4. Conclusions

In this work, a novel biochar was prepared from
M. sylvestris and characterized using various instru-
mental techniques. The operating parameters consisted
of pH, adsorbent dose, contact time, and Hg2+ concen-
tration were found to be effective on the adsorption
efficiency of Hg”*. Co-adsorption studies showed that
the presence of ceftriaxone antibiotic offers the advan-
tages of synergy toward targeted Hg*" ions by MSP.
Also, the Langmuir isotherm model was fitted well
with the experimental data, implying the monolayer
adsorption of Hg>* ions. The maximum capacity of
MSP was determined to be 602 mg/g, which was
much higher than that of the CTP, 389 mg/g, for Hg**
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ion adsorption. The predominant mechanism for
mercury ion removal by MSP and CTP was
chemisorption and physisorption, respectively. The
proposed adsorbent in this study was also applied to
the adsorption of Hg*" ion from seawater. Therefore,
it is concluded that M. sylvestris is a viable and very
promising alternative adsorbent for Hg®* removal
from aqueous solutions. The removal efficiency (by
MSP) increased as temperature elevated. The results
suggest that the MSP is a potential adsorbent to use in
medicine for treatment of poisoning with heavy met-
als; however, the application in animal models is a
necessary step before the eventual application of MSP
in situations involving humans.
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