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ABSTRACT

Herein, anionic plant-based surfactant (sodium lauryl sulfoacetate, SLSA) was introduced for
impregnation onto activated carbon (AC). This study was intended to assess its use as a potential
adsorbent for removing Zn(II) and Cr(VI) ions from aqueous medium. The virgin and the impreg-
nated AC were characterised using Brunauer-Emmett-Teller analysis and Fourier-transform infra-
red spectroscopy. Meanwhile, their performances to remove each metal ion were measured through
batch adsorption experiments over a range of SLSA concentrations (10-175 mg/L) in 6 h contact
time. The results revealed that Zn(II) ion removal was gradually increased as the SLSA concentra-
tion increased. The maximum removal was obtained at SLSA concentration of 75 mg/L (SIAC-75)
with 31.66% of Zn(Il) ion removal. However, an opposite trend of Cr(VI) ion removal was observed
as the SLSA concentration increased. It is proposed that electrostatic interaction mechanism may
occur during the adsorption process. The introduction of sulfonate group (OSO;") via SLSA impreg-
nation imparted a negatively charged surface on AC, thus resulting in an electrostatic attraction
between Zn(II) ion. However, as Cr(VI) ion may dissociate into chromate (CrO,*) ion, an electro-
static repulsion would occur. Therefore, in this study, the modified adsorbent prepared would

be potentially preferred to remove Zn(II) ion.
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1. Introduction

The importance of water as an essential source of life
is seemingly on the verge of unsustainability. The United
Nations (UN) annual report revealed that around 3.6 bil-
lion people worldwide experienced water scarcity in 2018,
and this population is expected to grow to nearly 6 billion
by 2050 [1]. This has been driven by the increasing demand
for clean water, limiting water resources, and rising water

* Corresponding author.

pollution [2]. Moreover, the exponential growth of popu-
lation and rapid modernisation have also escalated water
pollution, which consequently threatens the environment
and human health due to the increase of anthropogenic
activities [3,4].

In general, various industrial and domestic contami-
nants are released into water bodies. However, the release
of untreated industrial contaminants is regarded as the most
significant contributor to water pollution [5]. This includes
the release of pesticides, synthetic dyes, radionuclides, heavy
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metals, pharmaceuticals, etc. [5,6], which could lead to both
toxicological and esthetical concerns. Among these various
contaminants, the release of heavy metals into water bod-
ies has become a prominent concern due to its severe envi-
ronmental issues [7]. Its persistency in nature, high toxicity,
and non-biodegradability had enabled them to accumulate
in living organisms [8,9], thereby leading to various dis-
eases and adverse health issues [10].

In particular, chromium is one of the most noxious
heavy metal contaminants that intensely constitute health
hazards. Its oxidation state of hexavalent chromium Cr(VI)
ion is usually regarded as a highly hazardous toxic element
due to its solubility, toxicity, and mobility in nature [11]. The
pollution of Cr(VI) ion in the environment can cause serious
illness to humans and other living organisms. For instance,
Cr(VI) ion poisoning could cause dizziness, stomach ulcers,
headache, carcinogenic, mutagenic, and teratogenic issues
[12,13]. Apart from chromium, zinc contamination is also
harmful to the environment. Its ionic form of Zn(Il) ion is
usually associated with adverse health problems. Long term
exposures to Zn(II) ion contaminants could often lead to skin
irritations, stomach cramps, vomiting, and anaemia [14]. In
concern with their adverse implication towards the living
organisms, treating metal-contaminated effluent prior to
being discharged into water bodies is thus prudent.

The most commonly used treatment methods for the
removal of metal ions from aqueous medium are chemical
precipitation, chemical oxidation, reduction, adsorption, ion
exchange, reverse osmosis, ultra-filtration and electrochem-
ical removal [8,10,14,15]. Among these various approaches,
adsorption process is the most convenient technique for
wastewater decontamination. This is due to its simplic-
ity, wide adaptability, versatility, inexpensive and easily
operation [16,17].

Typically, activated carbon (AC) is the most widely
used adsorbent for wastewater treatment. The advantages
of AC such as having abundant specific surface area and
exceptionally high porosity make them dominant in vari-
ous applications, including the removal of organic chemi-
cals and metal ions from wastewater [14,18]. However, the
removal of metal ions through adsorption using commer-
cial AC is less efficient because the functional groups only
cover a small portion of the carbon surface [19]. Therefore,
surface modification of AC is possible to enhance the sur-
face functional groups and improve its adsorption capacity
towards metal ions [18,19].

As for this, the impregnation technique using chemical
or surfactant can be employed in modifying the surface of
AC. Over the past few years, surface modification of AC via
impregnation technique has attracted increasing attention
and has been considered for applications such as removal
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of heavy metals, retrieval of coloured matters and removal
of radionuclides from industrial wastewater. These studies
have been explored in literature [14,18-23]. However, most
of the studies focused on utilising chemical or chemical
surfactant for impregnation on AC which is not environ-
mentally friendly since the chemical may be desorbed and
contaminated into the water bodies during the adsorption
process. This may create adverse effects on aquatic life and
human health, such as inhibiting natural aquatic activity,
dermatitis illness, respiratory and eye irritations, etc. [24].
Thus, it is high time to replace the chemical surfactant with
a plant-based surfactant for surface-modification of AC.

To the best of the authors’ knowledge, little work has
been carried out on the impregnation of AC using plant-
based anionic surfactant for the removal of metal ions.
Therefore, a substantial study on the adsorption of metal
ions using plant-based anionic surfactant impregnated AC
is essential to understand its relative performance in ensur-
ing the technology is safe and environmentally benign. In
this study, plant-based anionic surfactant, sodium lauryl
sulfoacetate (SLSA), derived from palm and coconut oils
will be used as an impregnating agent to modify the acti-
vated carbon. The anionic plant-based surfactant is expected
to provide additional adsorption sites for the metal cation.
This can be attributed to its anionic head groups, which can
attract positively charged metal ions. Thus, it may enhance
the adsorption process. As it is derived from the plant-
based origin, a source of cheaper and safe anionic surfac-
tant would then provide an additional advantage.

The main objective of this research is to study the remo-
val of Zn(Il) and Cr(VI) ions from aqueous solution via
adsorption process using anionic plant-based surfactant
impregnated activated carbon (SIAC). An anionic plant-
based surfactant, namely SLSA, was utilised for impregna-
tion on AC, and its effectiveness as a potential adsorbent was
assessed.

2. Methodology
2.1. Materials

A coal-based commercial granular activated carbon (AC)
was obtained from Soon Ngai Engineering (M) Sdn Bhd.
The anionic plant-based surfactant, sodium lauryl sulfoac-
etate (SLSA, C ,H, NaQ,S, 65% purity), was obtained from
Personal Formula Resources (M) Sdn Bhd. The analytical
reagent grade zinc nitrate hexahydrate (Zn(NO,),6H,O,
99.9% purity) and potassium dichromate (K,Cr,O, 99.8%
purity) were obtained from Sigma-Aldrich (M) Sdn Bhd.
All the materials used in this study were obtained from
local commercial sources. The chemical structure of SLSA is

presented in Fig. 1.

Fig. 1. Chemical configuration of SLSA.
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2.2. Surface modification of AC

The AC modification process was carried out using iso-
late impregnation technique as reported in the previous lit-
erature [25]. Briefly, the concentration of SLSA was varied
from 10 to 175 mg/L. Then, 2 g of as-received AC (virgin
AC) was weighed and added into conical flasks containing
200 mL of SLSA at different concentrations. The mixtures
were then placed in an incubator shaker (Model: Infors
HT Ecotron) and agitated overnight at 60°C and 130 rpm.
Afterwards, the resulting mixtures were filtered without
rinsing and were dried in a universal oven (Model: UFE500)
for 24 h at 60°C. The preparation condition of the sam-
ples was summarised in Table 1, and the modified adsor-
bents were designated as SIACs. The schematic diagram of
the synthesis process is also presented in Fig. 2.

2.3. Characterisation of AC

Fourier-transform infrared (FTIR) spectrometer (Model:
PerkinElmer Spectrum One) was used in this study to
detect the presence of each functional group on SLSA and
SIAC-10 over the wavenumber range of 4,000-500 cm™.
For the textural properties analysis of the virgin AC and
SIACs, Brunauer-Emmett-Teller (BET) surface area analyser

Table 1
Summary of SIACs preparation in 200 mL of SLSA at different
concentrations

Samples  Preparation condition

Virgin AC  As-received AC (without modification with SLSA)
SIAC-10 2 g of virgin AC + 10 mg/L of SLSA

SIAC-25 2 gof virgin AC + 25 mg/L of SLSA

SIAC-50 2 g of virgin AC + 50 mg/L of SLSA

SIAC-75 2 g of virgin AC + 75 mg/L of SLSA

SIAC-100 2 g of virgin AC + 100 mg/L of SLSA

SIAC-125 2 g of virgin AC + 125 mg/L of SLSA

SIAC-150 2 g of virgin AC + 150 mg/L of SLSA

SIAC-175 2 g of virgin AC + 175 mg/L of SLSA

STEP 1 STEP 2

Model: Infors HT Ecotron

Mix virgin AC with SLSA at different
concentration of 10— 175 mg/L

Incubate the sample overnight
at 60°C and 130 rpm

Fig. 2. Synthesis process of SIACs.

(Model: Micromeritics 3Flex) was used to determine their
specific surface area and pore diameter from the nitrogen gas
adsorption-desorption isotherm at 77.4 K.

2.4. Metal adsorption experiments

In this study, Zn(II) and Cr(VI) ion solutions were firstly
prepared by dissolving a required amount of their respec-
tive salts in distilled water. The initial concentrations of
both metal ion solutions were kept constant at 150 mg/L.
After that, batch adsorption experiments were conducted
by adding 2 g of the adsorbents into conical flasks contain-
ing 100 mL of Zn(II) or Cr(VI) ion solution. The mixtures
were then shaken at 130 rpm for 6 h in an incubator shaker
(Model: Infors HT Ecotron) under a constant heat supply
of 30°C.

2.5. Analysis of metal ions removal

Flame atomic adsorption spectrophotometer (AAS,
Model: Hitachi Z2000) was used to determine the final
concentration of Zn(II) and Cr(VI) ions in the treated solu-
tion at the wavelength of 213.9 and 359.3 nm, respectively.
The removal efficiency (R, %) of each metal ion was then
calculated using Eq. (1):

c,-C f

R= x100% (1)
CO

where C, is initial concentration of metal ion (mg/L) and

C y is final concentration of metal ion (mg/L).

3. Results and discussion
3.1. FTIR analysis

Fig. 3 shows the comparison of FTIR spectra between
SLSA and SIAC-10. As can be seen, SLSA exhibited sev-
eral functional groups at varying amounts of vibration
bands. The broad vibrating band with a maximum peak of
3,459 cm™ is commonly assigned to the O-H stretching vibra-
tion, which indicates the presence of hydroxyl functional

STEP 3 STEP 4

Model: UFES00

& IO

Filter SIACs using filter Dry SIACs for 24 hours at
paper | 60°C
i
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groups [20]. The higher intensity peaks in the range of 2,851—
2,955 cm™ are usually attributed to the C-H stretching vibra-
tion [26], which is assigned to the alkane functional groups.
The peaks around 1,718-1,739 cm™ can be regarded to the
C=0 stretching vibration [27], while the peaks in the range
of 1,196-1,217 cm™ can be ascribed to the C-O stretching
vibration [28]. The presence of sulfonate functional groups
of the surfactant could be assigned to the S=O stretch-
ing vibration, which is located around 1,366-1,386 cm™.

In this analysis, SIAC-10 with a minimal amount of SLSA
concentration was chosen to depict the functional groups
after the modification process. It is noted that the stretching
vibrations of C=0O, S=0O, and C-O were observed on SIAC-
10 in the form of weak absorption peaks at their respec-
tive vibration ranges. The presence of carboxyl, sulfonate,

and esters functional groups, respectively, are believed to
occur due to the hydrophobic interaction between the sur-
factant and the surface of AC [28,29]. Therefore, it affected
the surface characteristics of the adsorbents. Previous
researchers have also found that modifying the surface of
AC with a surfactant promotes the chemical changes of the
functional groups [28,30]. Therefore, it indicates that SLSA
was successfully adsorbed on the surface of AC even at a
minimal amount of concentration.

3.2. Surface textural properties of AC

Nitrogen gas adsorption—desorption isotherms of vir-
gin AC and SIACs are presented in Fig. 4. According to
the classification by the International Union of Pure and

100

o w1

20

80

3459

70

2955

60

2851
'

50

Transmittance, %

2918

40

30 —SLsA

SIAC-10
20 i L 1

PO T TN T N T T 0 0 O O 0 T WO T O W O 0 T O 0 0 W O O O O OO O |
T T T T T T T

1386

1366
1739

1718

1217

1196

4,000 3,500 3,000

2,500

1,000 500

1,500

2,000

Wavenumber, cm-!

Fig. 3. FTIR spectra of SLSA and SIAC-10.
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Applied Chemistry (IUPAC), the adsorption isotherms of the
adsorbents resemble to the type IV isotherm [31]. Type IV
isotherm is usually attributed to the presence of micro- and
mesopores [32]. From Fig. 4, prominent adsorption of nitro-
gen gas is observed at low relative pressures of less than 0.1.
This phenomenon is believed to occur due to the presence
of micropores [33]. As the relative pressures increases, the
adsorption of nitrogen gas proceeds into the mesopores of
the adsorbents [34]. At this moment, the monolayer-mul-
tilayer adsorption is occurring along with the capillary
condensation, where the nitrogen gas condenses below
its saturation pressure of the bulk liquid [35].

The type IV isotherm also exhibits the formation of hys-
teresis loops during the desorption of nitrogen gas. A differ-
ent desorption path than the adsorption isotherms due to
the capillary condensation in mesopores has consequently
created a hysteresis loop [32]. Based on the IUPAC classi-
fication, the hysteresis loops resemble to the type H4 [31].
The type H4 hysteresis loop is usually related to complex
materials and is often associated with narrow slit-likes
pores [31,34]. As can be seen in Fig. 4, all the samples show
a similar type of isotherm. Even so, the trend of nitrogen gas
adsorption is observed to be varied for each sample. This
indicates that the surface modification of AC with surfac-
tant may influence the micro- or mesoporous structure of
the adsorbents.

According to [31], the diameters of micropores can be
classified as less than 2 nm, while the diameters of meso-
pores can be classified over the range of 2-50 nm. As shown
in Table 2, the average pore diameter of virgin AC is mea-
sured at 2 nm. This indicates that virgin AC primarily con-
sists of mesopores. However, after the modification process
with SLSA, a slight reduction of pore diameters has been
generally observed. This could be due to the attachment
of SLSA onto AC. As can be seen, the BET surface area of
SIAC-50, SIAC-75, SIAC-100, and SIAC-150 were found to
be lower than the virgin AC (Table 2). This decrease could
be due to the pore blockage of AC after the surface modifi-
cation with surfactant [28].

On the other hand, the BET surface area of SIAC-10,
SIAC-25, SIAC-125, and SIAC-175 were also found to be
greater than the virgin AC (Table 2). This increase is likely
to be due to the removal of material debris from the pores

Table 2
Surface textural properties of virgin AC and SIACs

Samples BET surface area Average pore diameter
(m*/g) (nm)
Virgin AC 820.51 2.00
SIAC-10 880.76 1.91
SIAC-25 822.78 1.99
SIAC-50 807.56 1.96
SIAC-75 749.51 1.98
SIAC-100 804.65 1.91
SIAC-125 920.17 1.99
SIAC-150 782.13 1.88
SIAC-175 834.20 1.88

of the adsorbents. A similar finding has also been obtained
by [36]. It is suggested that the reduction of material debris
from the porous structure of the adsorbents could increase
its surface area [36].

In view of the results obtained, the variations of the
BET surface area may be due to the affinities of surfactant
towards the adsorbents. The surfactant properties such
as critical micelle concentration and chemical configura-
tion have appeared to be the significant factors that deter-
mined the amount of surfactant to be attached onto AC [37].
Moreover, the presence of only a single hydrophobic carbon
chain of the surfactant may also affect its binding capabil-
ity on the adsorbent’s surface [19]. This may indicate that
SLSA could be partially or completely attached onto AC via
hydrophobic interaction.

3.3. Removal of Zn(1l) ion from aqueous medium

The removal efficiency of Zn(Il) ion from aqueous
medium for each adsorbent sample is shown in Fig. 5.
Generally, the removal efficiency of Zn(Il) ion is observed
to slightly increase as the amount of SLSA concentration
increases. This indicates that the surface modification of
AC with the anionic plant-based surfactant can enhance
the adsorption of Zn(Il) ion. Without SLSA impregna-
tion, the removal of Zn(Il) ion is obtained at 26.44%. After
SLSA impregnation, the highest removal of Zn(Il) ion was
obtained at 31.66% (SIAC-75).This may be due to the pres-
ence of high intensity of SLSA on the surface of AC. The
result is consistent with the textural properties of SIAC-75
in Table 2, where the lowest BET surface area of 749.51 m?/g
may indicate that the hydrophobic interaction between
SLSA and the surface of AC had occurred.

It is believed that the negatively charged functional
head groups of the surfactant would provide additional
adsorption sites for the Zn(Il) ion to be attached on the
surface of the adsorbent [20,37]. Hence, this phenomenon
resulted in the electrostatic attraction between the adsor-
bent and Zn(II) ion.

3.4. Removal of Cr(V1) ion from aqueous medium

Fig. 6 shows the removal efficiency of Cr(VI) ion from
aqueous medium for each adsorbent sample. As shown,
the removal efficiency of Cr(VI) ion decreases as the con-
centration of SLSA increases. Without SLSA impregnation,
the removal of Cr(VI) ion is obtained at 45.76%, which
is the highest. However, after SLSA impregnation, the
metal removal declined. This indicates that SLSA impreg-
nation would inhibit the adsorption of Cr(VI) ion.

As reported from the previous literature, the hexavalent
chromium ion can exists in the form of chromate (CrOZ)
and dichromate (Cr,0%) ions [38], where both compounds
are present as anionic oxyanions in the aqueous medium.
Another study also reported that the chromate ion is the
primary dissociation form of Cr(VI) ion in the aqueous
medium [39]. However, it is believed that the dissociation
form of Cr(VI) ion is mainly governed by the pH of the aque-
ous medium [40]. At the acidic pH, Cr(VI) ion can be mainly
dissociated into Cr,02 and HCrO; ions; meanwhile, at pH
above 8, only CrO? ion is stable in the aqueous medium [40].
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In this study, the adsorption experiments were conducted at
neutral pH at around 7-8. At this condition, it is believed
that only chromate ion exists as the dissociated form of
Cr(VI) ion.

As can be seen in Fig. 6, the lowest removal of Cr(VI)
ion is observed in SIAC-75 (35.81%). This result is consis-
tent with the previous results obtained from the removal
of Zn(Il) ion. It is then further proved that a large amount
of SLSA has been attached onto SIAC-75. Thus, this would
reduce the percentage removal of Cr(VI) ion due to the elec-
trostatic repulsion.

Based on the above discussions, the proposed adsorp-
tion mechanism of Zn(Il) and Cr(VI) ions is illustrated in

Fig. 7. As can be seen, SLSA is hydrophobically attached to
the surface of AC, and at the same time, its hydrophilic head
is pointing towards the aqueous medium [20]. In this case,
the sulfonate (OSO;) group is the hydrophilic head of the
surfactant. With the presence of such a functional group, a
new adsorption site for the metal ion has been created. For
instance, the electrostatic attraction exists between the oppo-
site positively charged Zn(II) ion and the anionic sulfonate
group. This type of interaction would enhance the bind-
ing capability of Zn(Il) ion onto AC. However, a different
adsorption mechanism is observed for Cr(VI) ion. Since it
has been dissociated into chromate ion (CrO?%"), an interac-
tion between both chromate ion and the anionic sulfonate
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group has resulted in the electrostatic repulsion. This type
of repulsion would inhibit the adsorption of Cr(VI) ion onto
AC, thus reducing its removal efficiency from the aqueous
medium.

Apart from that, competitive binding of the natively
existing Na(I) ion of SLSA and the respective metal ion may
also occur during the adsorption process. As shown in the
reversible Eq. (2), Na(I) ion could be re-attached again to its
negatively charged moieties [19]. Since Zn(II) ion existed
as a positively charged metal ion in the aqueous medium,
a competitive binding for the same active site may occur.
Hence, it may influence the adsorption of Zn(II) ion.

2RSO,Na +M* > (RSO, ), M +2Na* 2)

4. Conclusions

This work was devoted to assess the capability of the
modified adsorbent, SIAC, in removing Zn(II) and Cr(VI)
ions from the aqueous medium. Based on the analyses con-
ducted, it was found that SLSA surfactant was hydroph-
obically attached to activated carbon. As identified by the
FTIR analysis, the presence of carboxyl, sulfonate, and esters
functional groups proved that the SLSA impregnation pro-
cess had been successfully conducted. Thereby, enhanced
the surface heterogeneity of activated carbon.

In this investigation, the activated carbon impregnated
with 75 mg/L of SLSA concentration (SIAC-75) showed the
lowest BET surface area (749.51 m*/g). This may imply that
a large amount of SLSA had occupied the porous structure
of the adsorbent. Even with the lowest BET surface area,
SIAC-75 showed the highest removal efficiency of Zn(II)
ion, at 31.66%. This proves that a large amount of SLSA
could help Zn(II) ion adsorption. However, the removal effi-
ciency of Cr(VI) ion was found to be the lowest in STAC-75.
This proves that a large amount of SLSA could hinder the
adsorption of Cr(VI) ion. It was proposed that electrostatic
attraction had been taken place during the adsorption of
Zn(II) ion, while electrostatic repulsion had been taken place
during the adsorption of Cr(VI) ion. The existence of chro-
mate ion (CrO?) as a dissociation form of Cr(VI) ion may
hinder the adsorbents’ capability to adsorb Cr(VI) ion.

In conclusion, the modified adsorbent prepared in
this study may be applied as a potential adsorbent for the
adsorption of Zn(II) ion contaminants as compared to Cr(VI)

ion. For further works, it is suggested that pH adjustment
and ionic strength analyses be considered. These may help
in describing the metal speciation, surface charge, com-
plexation of functional groups, or sorption capability in
the adsorption mechanism.

Acknowledgement

The authors wish to express the deepest appreciation to
the School of Chemical Engineering, Universiti Teknologi
MARA, Shah Alam, Selangor, Malaysia for the opportu-
nity to carry out this study. This project is also funded by
research grant 600-RMC/GPK 5/3 (242/2020).

References

[1] UNESCO WWAP, The United Nations World Water
Development Report 2018: Nature-Based Solutions for Water —
UNESCO Digital Library, Accessed: Dec. 28, 2021. Available at:
https://unesdoc.unesco.org/ark:/48223/pf0000261424

[2] A. Boretti, L. Rosa, Reassessing the projections of the world
water development report, npj Clean Water, 2 (2019) 1-6,
doi: 10.1038/s41545-019-0039-9.

[3] D.]Jaspal, A. Malviya, Composites for wastewater purification:
a review, Chemosphere, 246 (2020) 125788, doi: 10.1016/j.
chemosphere.2019.125788.

[4] L. Liang, F. Xi, W. Tan, X. Meng, B. Hu, X. Wang, Review of
organic and inorganic pollutants removal by biochar and
biochar-based composites, Biochar, 3 (2021) 255-281.

[5] C.E.Carolin, P.S. Kumar, A. Saravanan, G.J. Joshiba, M. Naushad,
Efficient techniques for the removal of toxic heavy metals from
aquatic environment: a review, J. Environ. Chem. Eng., 5 (2017)
2782-2799.

[6] S.Zhang, ]. Wang, Y. Zhang, ]J. Ma, L. Huang, S. Yu, L. Chen,
G. Song, M. Qiu, X. Wang, Applications of water-stable metal-
organic frameworks in the removal of water pollutants:
a review, Environ. Pollut.,, 291 (2021) 118076, doi: 10.1016/;.
envpol.2021.118076.

[7] V.V. Dev, G. Baburaj, S. Antony, V. Arun, K.A. Krishnan,
Zwitterion-chitosan bed for the simultaneous immobilisation
of Zn(II), Cd(I), Pb(l) and Cu(ll) from multi-metal aqueous
systems, J. Cleaner Prod., 255 (2020) 120309, doi: 10.1016/j.
jclepro.2020.120309.

[8] I Osasona, K. Aiyedatiwa, ]J.A. Johnson, O.L. Faboya, Activated
carbon from spent brewery barley husks for cadmium ion
adsorption from aqueous solution, Indones. J. Chem., 18 (2018)
145-152.

[91 A. Andelescu, M.A. Nistor, S.G. Muntean, M.E. Radulescu-
Grad, Adsorption studies on copper, cadmium, and zinc
ion removal from aqueous solution using magnetite/carbon
nanocomposites, Sep. Sci. Technol., 53 (2018) 2352-2364.

[10] H.K. Alluri, S.R. Ronda, V.S. Settalluri, B. Jayakumar Singh,
V.Suryanarayana, P. Venkateshwar, Biosorption: an eco-friendly
alternative for heavy metal removal, Afr. J. Biotechnol., 6 (2007)
2924-2931.

[11] Y. Fang, K. Yang, Y. Zhang, C. Peng, A. Robledo-Cabrera,
A. Lépez-Valdivieso, Highly surface activated carbon to remove
Cr(VI) from aqueous solution with adsorbent recycling, Envi-
ron. Res., 197 (2021) 111151, doi: 10.1016/j.envres.2021.111151.

[12] A.V. Borhade, B.K. Uphade, Removal of chromium(VI) from
aqueous solution using modified CdO nanoparticles, Desal.
Water Treat., 57 (2016) 9776-9788.

[13] Y.Zhu, X.He,]. Xu, Z.Fu, S. Wu, J. Ni, B. Hy, Insight into efficient
removal of Cr(VI) by magnetite immobilised with Lysinibacillus
sp. JLT12: mechanism and performance, Chemosphere,
262 (2021) 127901, doi: 10.1016/j.chemosphere.2020.127901.

[14] H.M. Zwain, M. Vakili, I. Dahlan, Waste material adsorbents for
zinc removal from wastewater: a comprehensive review, Int. J.
Chem. Eng., 2014 (2014) 1-13.



[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

M.K. Ahya et al. / Desalination and Water Treatment 257 (2022) 220-227

L. Monser, N. Adhoum, Modified activated carbon for
the removal of copper, zinc, chromium and cyanide from
wastewater, Sep. Purif. Technol., 26 (2002) 137-146.

F. Liu, S. Hua, C. Wang, B. Hu, Insight into the performance and
mechanism of persimmon tannin functionalised waste paper
for U(VI) and Cr(VI) removal, Chemosphere, 287 (2022) 132199,
doi: 10.1016/j.chemosphere.2021.132199.

D. Lakherwal, Adsorption of heavy metals — a review, Mater.
Today:. Proc., 18 (2019) 4745-4750.

E. Nassef, Y. Eltaweel, Removal of zinc from aqueous solution
using activated oil shale, J. Chem., 2019 (2019) 1-10.

C.K. Ahn, D. Park, S.H. Woo, J.M. Park, Removal of cationic
heavy metal from aqueous solution by activated carbon
impregnated with anionic surfactants, ]. Hazard. Mater.,
164 (2009) 1130-1136.

M.R. Mahmoud, G.E. Sharaf El-Deen, M. A. Soliman, Surfactant-
impregnated activated carbon for enhanced adsorptive removal
of Ce(IV) radionuclides from aqueous solutions, Ann. Nucl.
Energy, 72 (2014) 134-144.

S.W. Puasa, K.N. Ismail, N.A.LLA. Khairi, Direct surfactantct-
impregnated activated carbon for adsorption of reactive blue 4,
Int. J. Eng. Technol., 7 (2018) 5-8.

C.Y.Yin, M.K. Aroua, W.M.A.W. Daud, Review of modifications
of activated carbon for enhancing contaminant uptakes from
aqueous solutions, Sep. Purif. Technol., 52 (2007) 403-415.

G.M. Rashad, M.R. Mahmoud, RR. Sheha, Impregnated
activated carbon for adsorption of Gd (IlI) radionuclides
from aqueous solutions, Part. Sci. Technol. An Int. J., 36 (2017)
609-617.

S. Muntaha, M.N. Khan, Natural surfactant extracted from
sapindus mukurossi as an eco-friendly alternate to synthetic
surfactant — a dye surfactant interaction study, J. Cleaner Prod.,
93 (2015) 145-150.

S.W. Puasa, K.N. Ismail, N.A.ILA. Khairi, Cleavable surfactant-
impregnated activated carbon for enhanced adsorptive removal
of reactive dye from an aqueous solution, Mater. Today:. Proc.,
5 (2018) 22020-22028.

M.E. Ossman, M. Abdel Fatah, N.A. Taha, Fe(Ill) removal
by activated carbon produced from Egyptian rice straw by
chemical activation, Desal. Water Treat., 52 (2014) 3159-3168.

J. Chung, H. Kang, ].O. Kim, Changes in the properties of a
solution using pulsed electric field treatment as pretreatment of
membrane filtration, Desal. Water Treat., 57 (2016) 26758-26764.
L. Ao, E Xia, Y. Ren, J. Xu, D. Shi, S. Zhang, L. Gu, Q. He,
Enhanced nitrate removal by micro-electrolysis using Fe” and

[29]

(30]

(31]

(32]

(33]

[34]

[35]

(36]

[37]

(38]

[39]

(40]

227

surfactant modified activated carbon, Chem. Eng. J., 357 (2019)
180-187.

H.D. Choi, ]. M. Cho, K. Baek, ]J.S. Yang, J.Y. Lee, Influence of
cationic surfactant on adsorption of Cr(VI) onto activated
carbon, J. Hazard. Mater., 161 (2009) 1565-1568.

Y. Zhou, Z. Wang, A. Hursthouse, B. Ren, Gemini surfactant-
modified activated carbon for remediation of hexavalent
chromium from water, Water, 10 (2018) 1-13, doi: 10.3390/
w10010091.

K.S.W. Sing, Reporting physisoprtion data for gas/solid systems
with special reference to the determination of surface area and
porosity, Pure Appl. Chem., 57 (1985) 603-619.

R. Bardestani, G.S. Patience, S. Kaliaguine, Experimental
methods in chemical engineering: specific surface area and
pore size distribution measurements —BET, BJH, and DFT, Can.
J. Chem. Eng., 97 (2019) 2781-2791.

R.C. Bansal, M. Goyal, Activated Carbon Adsorption, Taylor
and Francis Group, USA, 2005.

A. Behnamfard, M.M. Salarirad, F. Veglio, Removal of Zn(II)
ions from aqueous solutions by ethyl xanthate impregnated
activated carbons, Hydrometallurgy, 144-145 (2014) 39-53.

M. Thommes, K. Kaneko, A.V. Neimark, J.P. Olivier,
F. Rodriguez-Reinoso, J. Rouquerol, K.S.W. Sing, Physisorption
of gases, with special reference to the evaluation of surface
area and pore size distribution (IUPAC Technical Report), Pure
Appl. Chem., 87 (2015) 1051-1069.

M. Nadeem, M. Shabbir, M.A. Abdullah, S.S. Shah, G. McKay,
Sorption of cadmium from aqueous solution by surfactant-
modified carbon adsorbents, Chem. Eng. J., 148 (2009) 365-370.
S.Y. Lin, W.E. Chen, M.T. Cheng, Q. Li, Investigation of factors
that affect cationic surfactant loading on activated carbon and
perchlorate adsorption, Colloids Surf., A, 434 (2013) 236-242.
L. Khezami, R. Capart, Removal of chromium(VI) from aqueous
solution by activated carbons: kinetic and equilibrium studies,
J. Hazard. Mater., 123 (2005) 223-231.

W. Wang, Y. Liu, X. Liu, B. Deng, S. Lu, Y. Zhang, B. Bi, Z. Ren,
Equilibrium adsorption study of the adsorptive removal of
Cd?* and Cr® using activated carbon, Environ. Sci. Pollut. Res.,
25 (2018) 25538-25550.

P. Malaviya, A. Singh, Physicochemical technologies for
remediation of chromium-containing waters and wastewaters,
Crit. Rev. Env. Sci. Technol., 41 (2011) 1111-1172.



	_Hlk89735984
	_Hlk89736020
	_Hlk89736146
	_Hlk89736328
	_Hlk89736364
	_Hlk89736395
	_Hlk89736421
	_Hlk89736447
	_Hlk89736486
	_Hlk89736532
	_Hlk89736599
	_Hlk89736704
	_Hlk89736741
	_Hlk89736775
	_Hlk89736800
	_Hlk89736828
	_Hlk91756989
	_Hlk91719853
	_Hlk91721719
	_Hlk91882836

