The Nelson Mandela AFrican Institution of Science and Technology

NM-AIST Repository https://dspace.mm-aist.ac.tz
Materials, Energy, Water and Environmental Sciences Research Articles [MEWES]
2023-09

Adsorption and desorption abllity of
divalent mercury from an interactive
bicomponent sorption system using
hybrid granular activated carbon

Jonas, Bayuo

Springer International Publishing

https://doi.org/10.1007/s10661-023-11540-y
Provided with love from The Nelson Mandela African Institution of Science and Technology



ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/372288800

Adsorption and desorption ability of divalent mercury from an interactive
bicomponent sorption system using hybrid granular activated carbon

Article in Environmental Monitoring and Assessment - July 2023

DOI: 10.1007/510661-023-11540-y

CITATION
1

3 authors:

¥y 3 Jonas Bayuo
The Nelson Mandela African Institute of Science and Technology

21 PUBLICATIONS 354 CITATIONS

SEE PROFILE

Kelvin Mtei
The Nelson Mandela African Institute of Science and Technology

95 PUBLICATIONS 1,556 CITATIONS

SEE PROFILE

All content following this page was uploaded by Jonas Bayuo on 12 July 2023,

The user has requested enhancement of the downloaded file.

READS

85

Mwemezi Rwiza
The Nelson Mandela African Institution of Science and Technology (NM-AIST)

52 PUBLICATIONS 333 CITATIONS

SEE PROFILE


https://www.researchgate.net/publication/372288800_Adsorption_and_desorption_ability_of_divalent_mercury_from_an_interactive_bicomponent_sorption_system_using_hybrid_granular_activated_carbon?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/372288800_Adsorption_and_desorption_ability_of_divalent_mercury_from_an_interactive_bicomponent_sorption_system_using_hybrid_granular_activated_carbon?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jonas-Bayuo-2?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jonas-Bayuo-2?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The-Nelson-Mandela-African-Institute-of-Science-and-Technology?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jonas-Bayuo-2?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mwemezi-Rwiza?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mwemezi-Rwiza?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mwemezi-Rwiza?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kelvin-Mtei-2?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kelvin-Mtei-2?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The-Nelson-Mandela-African-Institute-of-Science-and-Technology?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kelvin-Mtei-2?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jonas-Bayuo-2?enrichId=rgreq-fee4954a2744d4567bd466b8598e4f98-XXX&enrichSource=Y292ZXJQYWdlOzM3MjI4ODgwMDtBUzoxMTQzMTI4MTE3NDA5ODk5NkAxNjg5MTQ5OTIzMDMy&el=1_x_10&_esc=publicationCoverPdf

Environ Monit Assess (2023) 195:935
https://doi.org/10.1007/s10661-023-11540-y

RESEARCH

®

Check for
updates

Adsorption and desorption ability of divalent mercury
from an interactive bicomponent sorption system using

hybrid granular activated carbon

Jonas Bayuo - Mwemezi J. Rwiza -
Kelvin Mark Mtei

Received: 8 February 2023 / Accepted: 19 June 2023

© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023

Abstract The sequestration of heavy metals from
multicomponent sorption media has become criti-
cal due to the noxious effects of heavy metals on
the natural environment and subsequently on human
health as well as all life forms. The abatement of
heavy metals using bio-adsorbents is one of the effi-
cient and affordable approaches for treating water
and wastewater. Therefore, the interactive effect of
arsenic [As(III)] ions on the sorption and desorption
ability of mercury [Hg(Il)] from a binary sorption
system was conducted. More so, the impact of reac-
tion time, solution pH, bio-adsorbent particle size,
bio-adsorbent dose, initial mono-metal, and binary-
metal concentration as well as reaction temperature
on the individual and competitive sorption of Hg(II)
was explored. The study showed that Hg(I) could be
removed effectively from the single-component sys-
tem and competitively from the aqueous phases by the
bio-adsorbent in the coexistence of As(IIl) species in
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the bicomponent medium. The adsorptive detoxifica-
tion of Hg(Il) from the monocomponent and bicom-
ponent sorption media showed dependence on all the
studied adsorption parameters. The occurrence of
As(III) species in the bicomponent sorption medium
affected the decontamination of Hg(II) by the bio-
adsorbent and the major interactive mechanism was
found to be antagonism. The spent bio-adsorbent was
effectively recycled using 0.10 M nitric (HNO;) and
hydrochloric (HCl) acids solutions and the multi-
regeneration cycles showed a high removal efficiency
in each cycle. The first regeneration cycle was found
to have the highest Hg(Il) ions removal efficiencies
of 92.31 and 86.88% for the monocomponent and
bicomponent systems, respectively. Thus, the bio-
adsorbent was found to be mechanically stable and
reusable up to the 6.00 regeneration cycle. Therefore,
this study concludes that the bio-adsorbent not only
has a higher adsorption capacity but also a good recy-
cling performance pointing to good industrial appli-
cations and economic prospects.

Keywords Adsorption - Desorption - Heavy metal -
Sorption system - Wastewater

Introduction

Heavy metals are harmful contaminants that exist

in aquatic environments due to human activities
such as industrialization, urbanization, technological

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-023-11540-y&domain=pdf

935 Page 2 of 17

Environ Monit Assess (2023) 195:935

advancement, and agriculture. Metal plating, mining,
metal smelters, alloying, storage batteries, plastics,
wood preservatives, and textiles manufacturing as well
as agricultural sources where fertilizers, pesticides,
and fungicidal spray are heavily utilized contribute
to heavy metals pollution in the aqueous systems (El-
Bouhy et al., 2021). Due to their inability to degrade
or be destroyed, these hazardous heavy metals persist
in the ecosystem and cause serious health problems to
all living things. These toxic metal ions constantly bio-
accumulate in the bodies of all lifeforms through the
food web (Dawodu et al., 2020). Different from organic
contaminants, heavy metals are unable to break down
chemically or biologically into less harmful forms.
However, they could only undergo transformation to
become less harmful species. For instance, highly toxic
Hg(D) is usually converted to a less toxic Hg(0) species
(Priyadarshanee & Das, 2021), As(III) to As(V) (Bis-
was & Sarkar, 2019), and Cr(VI) to Cr(III) (Mohamed
et al., 2020). When excessive heavy metal ions accu-
mulate in biological cells, they can result in cancer and
cause harm to the brain, kidney, liver, and reproductive
and neurological systems, which can lead to death (Ali
etal., 2019).

As emphasized by the Agency for Toxic Sub-
stances and Disease Registry, divalent mercury
[Hg(ID] and trivalent arsenic [As(III)] are among
the “First Top Hazardous Substances” and are
required to be reduced to an acceptable level when
present in aqueous solutions due to their detrimental
consequences on the ecosystem, which comprises
humans, animals, and all other living species (Wang
et al., 2021). The sequestration of heavy metals from
aquatic environments has been explored using a vari-
ety of approaches including adsorption, ion exchange
electrocoagulation, membrane filtration, and oxida-
tion (Naga et al., 2021). Due to its high removal per-
formance and related flexible operating characteris-
tics, the adsorption technique has become the most
attractive remediation approach for the depollution
of toxic heavy metals from aquatic systems (Tekin &
Unsal, 2022).

Mercury [Hg(II)] is a lethal heavy metal, and when
ingested into the body through the food web, it bio-
accumulates in the tissues of living organisms and
causes various organ malfunctions (Abou Taleb et al.,
2021). Therefore, the amount of Hg(Il) that is permit-
ted in industrial effluent is strictly controlled, while
the ability of bio-adsorbents derived from agro-based

@ Springer

waste to adsorb Hg(Il) ions is still limited. Several
possible sources of inexpensive agro-based bio-adsor-
bents are presently being explored to see how well
they perform in removing Hg(Il) ions from single-
component adsorption systems (Abou Taleb et al.,
2021; Egirani et al., 2021; El-Bouhy et al., 2021).
However, very few studies are dedicated to binary and
multi-metal adsorption, which is holistic and practical
to study since the existence of one metal species in
wastewater is unfeasible.

To the best of our knowledge, the competitive
adsorptive removal of Hg(Il) ions in the coexistence
of As(IIl) species using a bio-adsorbent produced
from different parts of a single agricultural prod-
uct has not been reported yet. Therefore, the present
study provides quantitative data relating to the sorp-
tion and desorption of Hg(Il) ions from binary sorp-
tion systems in the company of competitive As(III)
ions using hybrid granular activated carbon produced
from maize plant biomass. More so, the impact of
reaction time, bio-adsorbent dose, solution pH, bio-
adsorbent particle size, initial mono- and binary-
metal concentration, and reaction temperature on the
individual and competitive sorption of Hg(Il) was
studied. In Tanzania, huge numbers of maize cobs,
stalks, and tassels are produced throughout the season
posing environmental nuisance and disposal issues.
Hence, the application of these maize plant biomass
as bio-adsorbents provides a cost-effective techno-
logical solution to heavy metal contamination and
disposal challenges.

Materials and methods
Bio-adsorbent preparation

Maize plant wastes including cobs, stalks, and tassels
were sampled from farmers in Nambala in the Arusha
Region, Tanzania. To get rid of the dust and other sol-
uble impurities, these agricultural wastes were thor-
oughly treated with distilled water. The washed car-
bon precursors were then dried at room temperature
(23 °C) for 1 week and later dried again in an oven
at 105 °C for 6 h to attain constant weight. The dried
cobs, stalks, and tassels were crushed and ground
into powder separately. The powdered residues were
then sieved, measured equally, and mixed homoge-
neously. The homogeneous powdered mixed maize
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wastes were chemically treated with H;PO, acid into
hybrid granular activated carbon (HGAC) following
the steps documented by Bayuo et al. (2023). The
produced HGAC was then sieved with standard steel
sieves in the size range of 90-450 pm and applied as
a bio-adsorbent in the batch mode sorption studies.

Preparation of single-metal and binary-metal stock
solutions

All of the reagents and chemicals meant for the lab-
oratory experimentations were of analytical grade
and were acquired from Alpha Chemika in Mumbai,
India, and utilized exactly as they were supplied.
These reagents and chemicals include the follow-
ing: phosphoric acid (H;PO,, 85%), mercuric chlo-
ride (HgCl,, 99%), sodium arsenite (NaAsO,, 98%),
starch, hydrochloric acid (HCl, 37%), sodium boro-
hydride (NaBH,), nitric acid (HNO;, 68%), sodium
hydroxide (NaOH, 97%), sulphuric acid (H,SO,,
98%), ethylenediaminetetraacetic acid (EDTA, 99%),
deionized and distilled water.

The single and binary sorption experiments were
performed using analytical grade solid mercuric chlo-
ride (HgCl,) and sodium arsenite (NaAsO,) in pre-
paring the synthetic wastewater of mercury and arse-
nic. In the preparation of the mono- and binary-metal
synthetic wastewater of mercury and arsenic, respec-
tively, procedures specified by Bayuo et al. (2023)
were duly followed.

Batch adsorption experiments

The mono-metal [Hg(Il)] and binary-metal
[Hg(ID)+As(III)] sorption experiments were con-
ducted in batch systems. For both the sorption sys-
tems including the mono- and bicomponent sorption
media, the removal rate and uptake rate were exam-
ined as a function of varying reaction time, solu-
tion pH, bio-adsorbent particle size, bio-adsorbent
dose, initial mono- and binary-solutes concentra-
tion, and reaction temperature on the individual and
competitive sorption of Hg(Il). The required pH of
non-competitive and competitive solutions was main-
tained by applying 0.1 M NaOH and HCI solutions,
respectively. Working solutions of 100 mL in 250-
mL flasks served as the single and binary sorption
media for both the single and interactive depollution

of Hg(II) ions from the liquid phase using the HGAC.
The Erlenmeyer flasks were positioned in a rotatory
flask shaker that was set to agitate at a consistent rate
of 120 rpm with the tops covered to prevent the solu-
tion from evaporation. After reaching equilibrium
conditions, the residuals were then collected from the
flasks and analyzed by a cold vapour atomic absorp-
tion spectrophotometer (CVAAS) to determine the
quantity of Hg(II) ions eliminated from the mono-sol-
ute and bi-solute sorption media as well as its uptake
capacity by the bio-adsorbent using Egs. (1-3),
respectively (Pasgar et al., 2022; Tho et al., 2021).
To ensure the authenticity and dependability of the
experimental measurements, each analysis was per-
formed thrice and the average values were recorded.

. CO - Ce
Removal efficiency (%) = C x 100 )]
0

The sorption rate (q,) of Hg(II) ions by HGAC at a
certain time is expressed by Eq. (2):

%=<%QQ>XV @)

Besides, the sorption capacity (q.) at the point
when equilibrium is established is given in Eq. (3):

_ CO_CG V
%—( 7 )x ©

where C, and C, are initial Hg(II) and equilib-
rium concentration, and q, and q, denote Hg(II) ions
adsorbed per bio-adsorbent load at specific and equi-
librium times, correspondingly. W and V are the
bio-adsorbent weight (g) and solution volume (L),
correspondingly.

Competitive adsorption of heavy metals

In multi-solute systems, competitive adsorptive removal
of heavy metals typically takes place, and three pri-
mary types of interactions are feasible including syn-
ergism, antagonism, and no interaction (Anna et al.,
2015; de Morais Franga et al., 2021). The interaction
among diverse metal species in the bicomponent sorp-
tion medium was determined by considering the ratio of
the sorption rate in the bicomponent sorption medium
to the sorption rate in the monocomponent medium as
expressed in Eq. (4) (Shivangi et al., 2022).

@ Springer



935 Page 4 of 17

Environ Monit Assess (2023) 195:935

Qe,Binury system

Ro, = “

‘ Qe,Single system

where R, is the ratio of the sorption rate, Q, ;e
is the maximum sorption capacity of the monocom-
ponent medium, and Q, gy, 18 the maximum sorp-
tion rate of the bicomponent medium.

When R, = Lesnary 1, then the adsorptive reduc-

¢ Single

tion of the specific water contaminant is enhanced by
the occurrence of other competing cations or anions
in the bicomponent sorption medium, indicating syn-
ergism (Touihri et al., 2021).

Also, when R, = Zefinan — 1, then the occurrence

e,Single

of other ionic species does not alter the decontamina-
tion of the targeted heavy metal from the binary sys-
tem, indicating non-interaction (Du et al., 2021).

e,Binary

However, when RQ = ety < 1, then the pres-

¢ Single

ence of other competing ionic species inhibits the
decontamination of a specific heavy metal from the
binary system, implying antagonism (Sellaoui et al.,
2018).

Subsequently, Eq. (5) was used to determine the
rate of adsorption reduction (Ay) after the identifica-
tion of the category of interactions among the ionic
species and bio-adsorbent present in the bicomponent
sorption medium (Liu & Lian, 2019).

Qe Single ~ Qe Binary
Ay = 2© B 100 5
Qe,Binary ( )

Selectivity

The selectivity of the HGAC for Hg(II) ions over As(III)
ions was determined by agitating 0.5 g of the bio-adsor-
bent with 100 mL solution containing binary-metal
[Hg(IT)-As(IIT)] ions with varied initial concentrations
of 5-100 mg/L at pH of 4.0 and temperature of 298 K.
After agitating at 120 rpm for a predetermined contact
time of 120 min, the concentration of metal ions in the
supernatant was determined by the CVAAS. Then, the
ratio of the quantity of metal ions adsorbed on the HGAC
to the equilibrium concentrations of metal ions in the lig-
uid phase for both the mono- and bicomponent systems
was calculated. Subsequently, the selectivity factor (SF)
was calculated in the binary sorption systems at different
initial concentrations using Eq. (6) (An et al., 2019).

@ Springer

SF = ———= (6)

where Q is the concentration of adsorbate in bio-
adsorbent (mg/g), C, is the adsorbate concentration
at equilibrium (mg/L), and subscripts a and b repre-
sent monocomponent and binary component systems,
respectively.

Results and discussion

Bio-adsorbent physicochemical properties and
characterization

The physicochemical properties of the bio-adsorbent
including moisture content, ash content, bio-adsor-
bent pH, fixed carbon content, point of zero charge
pH, volatile matter, yield of carbon, iodine number,
and bulk density as well as the BET specific sur-
face area, pore volume, and the surface functional
groups were determined in our previous study (Bayuo
et al.,, 2023). In the current study, the characteriza-
tion of the bio-adsorbent using thermogravimetric
analysis (TGA), x-ray fluorescence spectrometry
(XRF), and scanning electron microscopy (SEM) was
investigated.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) makes it fea-
sible to discover potential weight or constituent losses
due to temperature action while also determining
the sorbent material stability throughout a range of
temperatures. Figure 1(a) and (b) represent the TGA
curves of the thermal degradation process of the car-
bon precursors attained at 10.00 °C min—' heating
rate from 25 to 1000 °C in an inert (nitrogen) envi-
ronment to prevent combustion.

Figure 1(a), which depicts the unmodified carbon
precursor, demonstrates that the TGA took place in
two steps. The first stage, which occurred between
25 and 230 °C, had a weight loss of 4.18% that was
attributable to water loss in the carbon precursor. The
second stage, which took place between 230 and 900
°C and resulted in 69.02% weight loss, was attribut-
able to lignocellulose degradation. However, the TGA
curve of the activated carbon presented in Fig. 1 (b)
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Fig. 1 TGA of the raw carbon precursor (a) and the hybrid granular activated carbon (b)

can be divided into three stages of weight losses in
the temperature ranges of 50-500 °C, 500-830 °C,
and 830-975 °C, respectively. The first weight loss of
20.90% at the temperature range of 50-500 °C is due
to the desorption of physically adsorbed and interla-
mellar water molecules as well as the devolatilization
of organic matter from the activated carbon (Zhao
et al., 2019). In phase 2, the weight loss of 28.55%
from 500 to 830 °C is a result of the degradation of
hemicellulose, cellulose, lignin, and surface func-
tional groups. The third weight loss of 22.76% which
occurred at 830-975 °C is attributed to the disappear-
ance of the carbon skeleton. More importantly, it was
found that there is an increase in weight loss starting
at 500-975 °C suggesting the existence of carbonyls,
basic, and phenols functional groups in the hybrid
activated carbon (Labied et al., 2018). The TGA
results showed that the hybrid granular activated car-
bon is thermally stable and can be applied as a pos-
sible bio-adsorbent for the decontamination of Hg(II)
ions from aquatic environments.

Scanning electron microscopy (SEM)

The SEM was utilized to study the morphological fea-
tures and surface properties of the HGAC employed
in the elimination of Hg(Il) from the individual and
bicomponent sorption systems. The SEM micro-
graphs of the HGAC were determined at a scale of 50
pm before and after the abatement of the Hg(II) ions

from both sorption systems as presented in Fig. 2(a,
b, and c), respectively.

The image of the HGAC before the sorption of
Hg(Il) is presented in Fig. 2(a). In Fig. 2(a), the rough
microstructure, intergranular pores, and presence of
numerous voids, and fissures in the SEM image may
make it easier for Hg(II) ions to interact with the bio-
adsorbent surface, resulting in the efficient elimina-
tion of Hg(Il) ions from both sorption systems. The
micro- and mesopores development in the HGAC was
triggered by the volatilization of various constituents
including hemicellulose, cellulose, lignin, and other
organic components found in the maize residues dur-
ing the impregnation and activation process of the
carbon precursor using H;PO,.

The disappearance of the cavities or the pores from
the HGAC surface is an indication that the depollu-
tion of Hg(I) ions from the mono- and bicomponent
sorption media have taken place effectively as dis-
played in Fig. 2(b) and (c), correspondingly.

X-ray fluorescence spectrometry (XRF)

The XRF results of the HGAC before and after the
elimination of the Hg(Il) ions from the mono- and
bicomponent media are presented in Table 1. In
Table 1, the elemental compositions that were found
in the pristine bio-adsorbent are silicon (Si), calcium
(Ca), potassium (K), sulphur (S), and magnesium
(Mg). However, upon the activation process, the

@ Springer
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Fig. 2 SEM images of the HGAC before (a) and after the elimination of Hg(II) ions from monocomponent (b) and bicomponent (c)

systems

Table 1 Elemental

L Element
compositions of the

Percentage composition (wt. %)

pristine bio-adsorbent, Pristine Activated carbon  Activated carbon  Activated carbon
activated carbon before bio-adsor- loaded with Hg(II) loaded with Hg(II) +
and after monocomponent bent As(IIT)
[Hg(I)] and bicomponent
[Hg(I)+As(IIT)] adsorption Calcium (Ca) 0.30 0.01 0.00 0.00
Potassium (K) 0.06 0.00 0.00 0.00
Magnesium (Mg) 0.01 0.00 0.00 0.00
Silicon (Si) 26.29 32.70 19.25 15.72
Sulphur (S) 0.15 0.01 0.00 0.00
Phosphorous (P)  0.00 24.86 24.81 22.37
Mercury (Hg) 0.00 0.00 15.11 13.44
Arsenic (As) 0.00 0.00 0.00 10.98

element phosphorus (P) was found to be present in
the HGAC including the other elements with 24.86
wt% compositions. The percentage compositions of
the silicon and calcium were discovered to be higher
than those of the other elements, with respective val-
ues of 26.29 wt% and 0.30 wt%. Due to absorption
from the soil, the carbon precursor has a high silicon
and calcium concentration (Labied et al., 2018). After
the sorption processes, the percentage compositions
of the elements in the HGAC were found to reduce
while new elements appeared including mercury (Hg)
and arsenic (As), which is indicative of the decontam-
ination of Hg(II) ions from the mono- and bicompo-
nent sorption systems in the presence of the compet-
ing As(IIl) ions.
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Influencing adsorption factors
Effect of reaction time

The abatement of Hg(Il) ions from the mono- and
bicomponent sorption systems was carried out at
varied contact times ranging from 10 to 180 min
and at initial mono-metal [Hg(II)] and binary-metal
[Hg(II)+As(II)] concentration of 25 mg/L in flasks
containing 100 mL solutions, while other operat-
ing parameters including agitation speed (120 rpm),
pH (6), bio-adsorbent particle size (90 pm), bio-
adsorbent dose (1.5 g/L), and reaction temperature
(2140.5 °C) remained constant.

The percentage removal and uptake capacity of
Hg(II) ions by the HGAC from the monocomponent
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Fig. 3 Effect of reaction time on Hg(Il) percentage removal (a) and uptake rate (b) by the HGAC from mono-metal [Hg(II)] and

binary-metal [Hg(II)+As(III)] systems

and bicomponent media was observed to increase
with increasing reaction time during the initial stage
and later plateaued as presented in Fig. 3. The fast
uptake of Hg(Il) ions by the HGAC in both the sin-
gle and bicomponent systems during the initial stages
of the sorption process was attributable to the exist-
ence and accessibility of active binding sites on the
bio-adsorbent surface and the initial high amount
of Hg(Il) ions present in the sorption media (Adio
et al., 2019). However, as contact time increased, the
percentage removal and uptake capacity decreased
because the metal ions covered the active binding
sites of the bio-adsorbent, causing repulsion as agita-
tion time increased (Igberase et al., 2017).

As can be seen from Fig. 3 (a) and (b), respec-
tively, the competitive elimination of Hg(Il) ions in
the coexistence of As(IIl) ions in the bicomponent
sorption system [Hg(II)+As(IIl)] exhibited a similar
trend compared with the single-component system
[Hg(II)]. Nonetheless, in comparison to the mono-
component sorption system, the maximal removal
rate and Hg(Il) uptake rate by the HGAC in the
bicomponent sorption medium were found to be
lower. At the agitation time of 90 and 120 min, opti-
mum percentage elimination and uptake capacity of
96.09 and 95.84% and 16.02 and 15.97 mg/g were
attained by the HGAC for Hg(II) removal from the
monocomponent and bicomponent sorption media,
correspondingly. The coexistence of As(II) species

in the bicomponent sorption medium inhibited the
detoxification of Hg(II) ions from the aqueous solu-
tion. The ratio (R, ) of both the percentage removal
and Hg(II) uptake rate by the HGAC in the bicompo-
nent sorption medium to the single sorption medium
was found to be approximately equal to 1. Thus,

RQ = % ~ 1, which indicated no interactive
¢ e,Single

effect with only a 0.31% rate of adsorption reduction
(Ap).

Effect of pH of the solution

The sequestration of Hg(Il) ions in the mono- and
bicomponent sorption media at different solution pH
values (2-14) is shown in Fig. 4(a) and (b), respec-
tively. The sorption experiments were agitated at
an equilibrium agitation time of 90 and 120 min for
Hg(Il) ions detoxification by the HGAC from the
mono-metal and binary-metal sorption media, respec-
tively. Other parameters such as the agitation speed
(120 rpm), bio-adsorbent particle size (90 pm), bio-
adsorbent dose (1.5 g/L), and reaction temperature
(2140.5 °C) remained constant.

In Fig. 4, it was found that the removal rate and
sorption capacity of Hg(I) by the HGAC in the
monocomponent sorption medium increased with
decreasing pH of the aqueous solution. The percent-
age removal and uptake capacity of the Hg(Il) ions
by the bio-adsorbent increased during the first stage
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Fig. 4 Effect of solution pH on Hg(Il) percentage removal (a) and uptake capacity (b) by the HGAC from mono-metal [Hg(II)] and

binary-metal [Hg(II)+As(III)] systems

because there is no precipitation of the metal ions but
at higher pH values, the metal ions will precipitate
in the form of hydroxyl ions, which will compete for
the binding sites on the bio-adsorbent surface. There-
fore, due to the high competition between the metal
and hydroxyl ions in the mono-solute system, the
removal rate and sorption capacity of Hg(I) by the
HGAC declines drastically as displayed in Fig. 4 (a)
and (b), respectively. Meanwhile, the decontamina-
tion of Hg(Il) from the bicomponent sorption system
augmented at higher pH values.

This is because the solution pH facilitated the
Hg(1II) ions to bind to the available functional groups
present on the HGAC surface. The active HGAC
sorption sites were better able to deprotonate when
the solution pH increased and created a more nega-
tive charge on the HGAC surface, which has a strong
affinity for the Hg(II) ions (Egirani et al., 2021). The
surface charge of every bio-adsorbents plays a vital
role in heavy metal ions adsorption and this is deter-
mined by the pH point of zero charge (pHpzc). The
pHpzc is the pH at which the bio-adsorbent surface
is universally neutral with the same number of nega-
tively and positively charged surface functions. At
solution pH values below the pHpzc, the bio-adsor-
bent surface is positively charged, and at solution
pH values beyond the pHpzc, the bio-adsorbent is
negatively charged (Sajjadi et al., 2018). The pHpzc
of the HGAC was found to be 3.20, which is below
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the optimum solution pH values of 4 and 8 obtained
for the mono- and bicomponent sorption systems,
thereby creating a negatively charged surface. There-
fore, it was much easier to adsorb metal cations such
as the Hg(Il) ions on the negatively charged bio-
adsorbent surface. A similar trend was observed by
Bashir et al. (2019).

In comparison, Hg(Il) removal from the mono-
component medium was greater than that from the
bicomponent sorption medium. While Hg(I) maxi-
mum removal efficiency of 90.67% and uptake rate of
15.11 mg/g were accomplished at the pH of 4 from
the single sorption system, optimal elimination of
Hg(Il) from the bicomponent system was attained
using a pH of 8 with removal rate and uptake capac-
ity of 85.68% and 14.28 mg/g, correspondingly. The
interactive effect of the As(IIl) species on the adsorp-
tive sequestration of Hg(Il) ions from the binary
system could be described as an antagonistic effect
since the ratio of Hg(Il) percentage removal from the
bicomponent system to the single-component system
was lower than one (R, < 0.95) with an uptake rate
reduction (Ay) of 5.81%.

Effect of bio-adsorbent particle size
The impact of bio-adsorbent particle size on the non-

and competitive depollution of Hg(Il) species from
monocomponent and bicomponent sorption media
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was investigated at different particle sizes rang-
ing from 90 to 450 pm and the experimental results
are displayed in Fig. 5 (a) and (b), respectively. The
experiment was operated at the following constant
conditions: 120 rpm speed of agitation, 25 mg/L
mono- and binary-solute initial concentration, solu-
tion temperature of 21 +0.5 °C, pH values of 4 and 8,
and 90 and 120 min agitation time for the depollution
of Hg(Il) ions from the monocomponent and bicom-
ponent sorption media, respectively.

The results demonstrated that the percentage
removal and Hg(II) ions uptake rate by the HGAC
from both sorption media were similar and decreased
with increasing particle size of the HGAC as pre-
sented in Fig. 5.

Due to higher access to pores and larger sur-
face area for bulk sorption per unit weight of the
bio-adsorbent, decreasing particle size enhances
Hg(Il) ions uptake at a constant bio-adsorbent dos-
age (Krishna & Swamy, 2012; Memon et al., 2021).
The optimum removal percentage and uptake rate of
Hg(II) ions obtained from the bicomponent medium
were lower than those attained from the mono-metal
sorption medium. This might be because the occur-
rence of the As(IIl) species in the bicomponent sys-
tem lowered the uptake ability of the Hg(Il) ions. It
was found that the ratio of the Hg(Il) removal effi-
ciency in the bicomponent sorption medium to the
monocomponent sorption medium is lower than

1 (Ry, < 0.94) suggesting an antagonistic effect.
Respectively, the Hg(II) maximum removal of 93.45
and 88.25% and uptake capacity of 15.58 and 14.71
mg/g were accomplished for the non-competitive and
competitive systems at a bio-adsorbent particle size
of 90 pm. The Hg(Il) ions uptake rate (Ay) by the
bio-adsorbent was observed to be reduced by 5.91%
in the binary solute system due to the competitive
As(III) ions coexisting in the solutions.

Effect of bio-adsorbent dose

The impact of the bio-adsorbent dose on the detoxi-
fication of Hg(lI) ions individually and competi-
tively in the mono- and binary-metal sorption media
was conducted at different loads of the HGAC in the
range of 0.5-5.0 g/L and the results are presented
in Fig. 6(a) and (b), correspondingly. Similarly, the
operating conditions that remained constant include
agitation speed (120 rpm), bio-adsorbent particle size
(90 pm), initial concentration of mono- and binary-
metal (25 mg/L), temperature (21+0.5 °C), solution
pH (4 and 8), and agitation time (90 and 120 min) for
the sequestration of Hg(Il) ions from the monocom-
ponent and bicomponent sorption media, respectively.

As observed in both monocomponent and bicom-
ponent sorption media, upon increasing the bio-
adsorbent dose, Hg(Il) ions removal rate increased
while the uptake capacity decreased as presented
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Fig. 6 Effect of bio-adsorbent dose on Hg(II) percentage removal (a) and uptake capacity (b) by the HGAC from mono-metal

[Hg(I)] and binary-metal [Hg(II)+As(III)] systems

in Fig. 6(a) and (b), respectively. For both sorption
systems, when the bio-adsorbent load is augmented,
there is a corresponding upsurge in the available
active sites and the bio-adsorbent surface area lead-
ing to an increase of Hg(Il) ions removal (Hiew et al.,
2021). The optimal Hg(I) decontamination efficien-
cies from the monocomponent and bicomponent
sorption media were 98.13 and 94.63% attained at
3.5 and 2.0 g/L, respectively, as best bio-adsorbent
loads. It was found that the removal efficiencies of
Hg(II) attained from both sorption media decreased
at higher bio-adsorbent doses. This is because, at
excessive doses, particle agglomeration is likely to
occur leading to the availability of fewer Hg(II) ions
to be adsorbed on the active sites of the HGAC.
As a result, the uptake rate is reduced by the non-
occupancy of the HGAC active binding sites by the
Hg(Il) ions (Peng et al., 2018). The maximal Hg(II)
uptake rates of 26.67 and 22.54 mg/g were realized
from the monocomponent and bicomponent sorption
media, correspondingly, at the lowest HGAC dose of
0.50 g/L. Comparatively, the Hg(II) ions uptake rate
by the HGAC became much lower in the competitive
mode than that of the mono-metal sorption medium
because of the antagonistic effect among Hg(Il) and
As(II) species in the solution. The ratio (R, ) of the
uptake capacity of Hg(Il) ions by the HGAC in the
binary system to the single system was less than 1
(RQC < 0.85) with adsorption rate reduction (Ay) of
18.32%.
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Effect of mono- and binary-solute initial
concentration

The influence of mono- and binary-metal initial con-
centration on the removal of Hg(Il) ions from the
monocomponent and bicomponent sorption media
are shown in Fig. 7(a) and (b), correspondingly. The
mono- and binary-metal initial concentrations were
varied from 5 to 100 mg/L alongside other constant
conditions such as speed of agitation (120 rpm), bio-
adsorbent particle size (90 pm), solution temperature
(214£0.5 °C), pH of 4 and 8, a bio-adsorbent dose of
3.5 and 2.0 g/L, and agitation time of 90 and 120 min
for the decontamination of Hg(II) ions from mono-
component and bicomponent sorption media.

The batch experiments of the binary systems
were carried out using pairs of the metal ions
[Hg(ID)+As(IIT)] with the same initial concentration
in the ratio of 1:1 [Hg(Il):As(IIl)]. The percentage
removal and Hg(I) ions uptake rate by the HGAC
followed an identical trend in both monocompo-
nent and bicomponent sorption media as displaced
in Fig. 7(a) and (b), respectively. As the mono- and
bi-solute initial concentration in the sorption media
augmented, Hg(II) ions uptake rate by the HGAC also
increased while the removal efficiency decreases in
the reverse order. The percentage removal of Hg(II)
ions from the mono-metal [Hg(Il)] and binary-metal
[Hg(ID)+As(III)] systems decreased at elevated ini-
tial concentrations due to surface-reactive sites
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getting occupied steadily and reaching saturation
point (Pasgar et al., 2022). Likewise, Igberase et al.
(2017) investigated the removal of Pb(Il), Zn(Il),
Cu(II), Ni(Il), and Cd(I) by modified ligand as an
adsorbent and it was observed that at lower initial
concentrations, Pb(II), Zn(Il), Cu(Il), Ni(Il), and
Cd(Il) removal efficiencies were very high. How-
ever, at higher initial concentrations, lower removal
efficiencies were recorded for all heavy metals. This
was because as the initial concentration upsurges,
more metal ions are present in the aqueous solu-
tion, which leads to more ions being adsorbed to the
same amount of adsorbent. This causes the adsor-
bent to become saturated, which lowers the removal
efficiencies of the heavy metals. Similar trends were
observed by Hosseini-Bandegharaei et al. (2011) and
Chen et al. (2017), in which a decrease in concentra-
tion increased the removal efficiency.

At initial metal ions concentrations of 45 and 15
mg/L, correspondingly, maximum uptake of Hg(II)
ions from the monocomponent and bicomponent
sorption media was achieved by the bio-adsorbent.
The maximum removal percentage of Hg(Il) ions
from the monocomponent and bicomponent sorp-
tion media attained at 45 and 15 mg/L was 96.78 and
95.13%, respectively. However, by increasing ini-
tial concentration, the sorption capacities of Hg(II)
in both mono- and bi-solute sorption systems also
upsurge. This is because the interactive behavior
between the ionic species and active bio-adsorbent

sites became easier with the diffusion of the ionic
species to the sorption sites occurring more quickly
(Abou Taleb et al., 2021). The maximum sorption
capacities of 21.69 and 40.13 mg/g for Hg(Il) were
attained at 100 mg/L from the single-metal and
binary-metal sorption systems, respectively. The ratio
of the uptake capacity attained from the binary sorp-
tion system to the single solute system was much
greater than 1 (RQe > 1.85) signifying synergistic
effect of As(IIl) species on Hg(IT) removal by the bio-
adsorbent. The Hg(II) ions reduction uptake rate (Ay)
by the bio-adsorbent was found to be increased to
45.95% in the bi-solute sorption system in the coex-
istence of As(III) ions in the solution.

Effect of reaction temperature

The influence of solution temperature on the con-
fiscation of Hg(Il) ions from the monocomponent
and bicomponent sorption media by the HGAC was
studied within the temperature range of 10-85 °C as
shown in Fig. 8, respectively. The experimental con-
ditions that remained constant include agitation speed
(120 rpm), bio-adsorbent particle size (90 pm), ini-
tial concentration of mono- and binary-metals (25
mg/L), a bio-adsorbent dosage of 3.5 and 2.0 g/L,
solution pH of 4 and 8, and agitation time of 90 and
120 min for the elimination of divalent mercury from
monocomponent and bicomponent sorption media,
respectively.
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Fig. 8 Effect of solution temperature on Hg(II) percentage removal (a) and uptake rate (b) by the HGAC from mono-metal [Hg(II)]

and binary-metal [Hg(II)+As(III)] systems

In comparison, the elimination of Hg(II) from the
mono- and bicomponent sorption media was found to
be analogous as presented in Fig. 8(a) and (b), respec-
tively. The decontamination of Hg(II) species in both
sorption media augmented with rising temperature.
Therefore, the removal of Hg(II) by the HGAC is
an endothermic process, which also indicates the
mechanism of Hg(II) adsorption from the mono- and
bicomponent sorption media was mainly chemisorp-
tion. The upsurge of temperature in the sorption sys-
tem increases Hg(II) uptake rate due to the enhanced
kinetic energy of the ionic species through the bio-
adsorbent and the subsequent adsorption on the
active surface (Lenka et al., 2021). However, it was
observed that at higher levels of reaction temperature,
both the removal and uptake rates decreased drasti-
cally and this might be because of the deterioration of
the surface chemistry of the adsorbent through exces-
sive heating.

At a temperature of 45 and 55 °C, Hg(II) maximum
removal of 95.91 and 90.20% and uptake capacity of
12.33 and 6.77 mg/g were attained, respectively, from
the mono- and binary-solute sorption media. The
optimum uptake of the Hg(II) ions from the bicompo-
nent medium by the bio-adsorbent was observed to be
smaller than that obtained from the monocomponent
medium. Since the ratio of Hg(I) ions uptake abil-
ity by the HGAC from the binary system to the single

@ Springer

system was lower than 1(R, < 0.55), the As(II)
ions exhibited antagonistic effect on Hg(Il) removal
in the bicomponent sorption system. Hence, the
Hg(II) ions uptake rate (Ay) by the bio-adsorbent was
found to be reduced by 82.13% in the binary-solute
system.

Desorption, regeneration, and reusability studies

The efficiency of any sorbent material is largely
assessed based on its recyclability and reusability.
Hence, it is indispensable that the adsorbent main-
tains its original sorption capacity even after multi-
ple cycles of adsorption-desorption studies (Dahake
et al., 2021). Furthermore, renewability and reusabil-
ity are imperative to safeguard the economic viability
of using the bio-adsorbent for sorption process scale-
up and industrial applications.

Before the desorption studies, the bio-adsorbent
was initially placed in 100 mL aqueous solutions
containing optimum 45 and 15 mg/L initial mono-
and bi-solutes concentration, solution pH of 4 and 8,
an agitation time of 90 and 120 min, bio-adsorbent
doses of 3.5 and 2.0 g/L with 90 pm particle size,
and a temperature of 45 and 55 °C, respectively,
which was operated at 120 rpm agitation speed for
the elimination of Hg(II) species from monocompo-
nent and bicomponent sorption media, respectively.
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Thereafter, the mono- and binary-metal ions-loaded
bio-adsorbents were separated from the liquid phase
through filtration and thoroughly treated using
deionized water until neutral pH was achieved. The
spent bio-adsorbent was dried at 110 °C to a fixed
weight using an oven operated for 24 h. Afterward,
the dried spent bio-adsorbent was treated separately
with different desorption solutions such as distilled
water, 0.1 M of H,SO, HNO;, HCI, and EDTA to
test the retrievability of the Hg(II) ions adsorbed
from the mono- and binary components sorption
media. The desorption tests were also performed in
a batch process by employing the same experimental
conditions as that of the adsorption studies wherein
50 mL of each desorption eluent was used to desorb
Hg(II) from the spent HGAC and solutions contain-
ing the desorbed Hg(Il) ions were analyzed using
the CVAAS.

The desorption percentage removal was computed
by Eq. (7) given below (Kavand et al., 2020).

C
Desorption efficiency = C—de x 100 @)
ad

where C,; and C,, are the amount of Hg(II) ions
adsorbed on the HGAC and desorbed from the HGAC
active binding sites, respectively.

The results of the reclamation of Hg(II) ions accu-
mulated on the bio-adsorbent surface after the mono-
component and bicomponent sorption processes are
displaced in Fig. 9.
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Fig. 10 Renewability of the spent HGAC and its reusability

Among all the desorption eluents tested, the study
found that 0.1 M HNO; and HCI acids were the best
desorption eluents and could retrieve about 91.47
and 80.85% of Hg(I) ions adsorbed onto the bio-
adsorbent surface in the monocomponent and bicom-
ponent sorption media, respectively. The HNO; and
HCI acids are the best desorption eluents because,
in an HNOj solution, H* can replace adsorbed ions
on the surface of bio-adsorbent while C1~ from HCl
can easily form a complex with Hg(II) ions and then
release to the solution (Kim et al., 2011; Vakili et al.,
2019). However, distilled water was observed not to
be a suitable desorption eluent in desorbing Hg(II)
ions adsorbed onto the surface of the bio-adsorbent in
both mono- and bi-solutes sorption systems and have
the lowest desorption efficiencies of 2.65 and 4.13%,
respectively.

Therefore, 0.1 M HNO; and HCI solutions were
chosen for the regeneration of the spent bio-adsorbent
for its reusability in successive multicycles of adsorp-
tion-desorption as shown in Fig. 10.

Figure 10 demonstrates that the decontamination
efficiencies of divalent mercury from the mono- and
binary-metal ions-loaded bio-adsorbent decreased
slowly from 92.31 to 68.48% and 86.88 to 53.85%,
respectively, as the regeneration cycles were elevated
from one to six. This could be due to the decrease in
the availability of binding sites for Hg(II) ions uptake
and partial desorption of Hg(Il) ions chemically
adsorbed on the HGAC surface (Hiew et al., 2021).
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Table 2 Adsorption selectivity as a function of initial concen-
trations of Hg(II) in the binary sorption system

Concentration Single system  Binary system  Selectivity factor (SF)

(mg/L) [Q/Cﬂ]“ [Q/Cﬂ]h o= [Q/(,EL
[¢/<],

5 0.296 0.435 0.681

10 0.469 0.593 0.790

15 0.912 1.025 0.890

25 1.674 1.653 1.013

30 2.598 1.896 1.370

45 2.938 1.911 1.538

60 4.010 2.115 1.896

75 4.600 1.964 2.343

100 5.267 1.388 3.795

Since there was no noticeable weight loss in the bio-
adsorbent load even after the fifth cycle, this suggests
good mechanical stability of the bio-adsorbent as sup-
ported by the TGA results presented in Fig. 1 (Gupta
et al,, 2021). However, the percentage removal of
Hg(II) ions reduced drastically after the sixth to tenth
regeneration cycles. This was probably due to the
collapse of the HGAC microstructure and continu-
ous pore microstructure distortion owing to repeated
adsorption-desorption cycles (Gupta et al., 2021; Liu
et al., 2020).

Selectivity

The adsorption selectivity as a function of the initial
concentrations of Hg(Il) ions in the binary system,
using a 0.5 g/L bio-adsorbent dose at a pH of 4.0,
was examined. The selectivity study was performed
to confirm the preference for the metal ions removal
by the HGAC from the binary sorption media as sum-
marized in Table 2.

Table 2 shows that the selectivity of Hg(II)
increases with the increase in initial concentration.
Therefore, the HGAC was confirmed to be an effec-
tive adsorbent in the removal of Hg(Il) ions from
competitive aqueous systems. Similarly, the competi-
tive adsorption of Cu(Il), Ni(I), and Zn(II) ions onto
synthetic zeolite was conducted by de Morais Franga
et al. (2021). While it was found that the selectivity
of Cu(Il) ions in the binary and ternary sorption sys-
tems upsurged with the rise of initial concentration,
the adsorbent has low selectivity for Ni(I) and Zn(II)
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ions in both sorption systems. This could be due to
the competition between the heavy metal ions for spe-
cific adsorption sites causing a decrease in affinity for
the Ni(II) and Zn(II) ions (Anna et al., 2015). Also,
the same trend was observed by Hosseini-Bande-
gharaei et al. (2014), in which the selectivity factor
values for Pb(I) in the competitive systems were very
high which indicated that the adsorbent had a high
affinity for Pb(II) over other metal ions.

Conclusion

The interactive effect of As(IIl) species on the sorp-
tion and desorption potential of divalent mercury
from the binary sorption medium was investigated.
The study discovered that the HGAC has excel-
lent regeneration efficiency in addition to maximum
adsorption capacity, demonstrating the possibilities
of industrial applications. The adsorption studies
showed that the Hg(II) ions can be removed effec-
tively from the single system and competitively from
the aqueous phases by the HGAC in the presence of
As(III) species in the bicomponent sorption medium.
The best operating experimental conditions obtained
for the single decontamination of Hg(II) ions from
non-competitive solutions were found to be 90 min
reaction time with maximum removal and uptake
rates of 96.09% and 16.02 mg/g, solution pH of 4
with maximum removal and uptake rates of 90.67%
and 15.11 mg/g, 90 pm bio-adsorbent particle size
with maximum removal and uptake rates of 93.45%
and 15.58 mg/g, 3.5 g/L bio-adsorbent dosage with
a maximum removal rate of 98.13%, 45 mg/L initial
mono-metal concentration with a maximum removal
rate of 96.78%, and 45 °C solution temperature with
maximum removal and uptake rates of 95.91% and
12.33 mg/g, respectively.

Besides, the presence of As(III) species in the
bicomponent sorption system affected the decon-
tamination of Hg(Il) ions by the bio-adsorbent,
and the major interactive mechanism was found to
be antagonism. The suitable experimental condi-
tions for efficient Hg(II) ions detoxification from
the bicomponent sorption medium were observed
to be 120 min reaction time with maximum removal
and uptake rates of 95.84% and 15.97 mg/g, pH of 8
with maximum removal and uptake rates of 85.68%
and 14.28 mg/g, 90 pm bio-adsorbent particle size
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with maximum removal and uptake rates of 88.25%
and 14.71 mg/g, 2.0 g/L bio-adsorbent dosage with
a maximum removal rate of 94.63%, 15 mg/L initial
mono-metal concentration with a maximum removal
rate of 95.13%, and 55 °C reaction temperature with
maximum removal and uptake rates of 90.20% and
6.77 mg/g, respectively.

Among all the desorption eluents tested, the
study found that 0.1 M HNO; and HCI acids were
the best desorption eluents and could retrieve
about 91.47 and 80.85% of Hg(II) ions adsorbed
onto the bio-adsorbent surface in the monocom-
ponent and bicomponent sorption media, respec-
tively. The used bio-adsorbent was effectively
regenerated and reused in ten adsorption-des-
orption cycles, in which the removal efficien-
cies declined from 92.31 to 68.48% and 86.88 to
53.85%, respectively, as the regeneration cycles
were elevated from one to six. The first regener-
ation cycle was found to have the highest Hg(II)
ions removal efficiencies of 92.31 and 86.88%
for the monocomponent and bicomponent sorp-
tion media. Therefore, the HGAC was found to be
mechanically stable and reusable up to the sixth
regeneration cycle suggesting its economic pros-
pects and application at a larger scale for heavy
metals removal from monocomponent and multi-
component aqueous systems.
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