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Abstract

The adsorption of manganese ions from aqueous solutions by pure and acid-treated Opuntia ficus indica as natural
low-cost and eco-friendly adsorbents was investigated. The adsorbents’ structures were characterized by powder X-ray
diffraction and infrared spectroscopy. Specific surface areas were determined using the Brunauer-Emmett-Tell equation.
The study was carried out under various parameters influencing the manganese removal efficiency such as pH, tem-
perature, contact time, adsorbent dose and initial concentration of manganese ion. The maximum adsorption capacity
reached 42.02 mg/g for acid-treated Opuntia ficus indica, and only 20.8 mg /g for pure Opuntia ficus indica. The Lang-
muir, Freundlich and Temkin isotherms equations were tested, and the best fit was obtained by the Langmuir model
for both adsorbents. The thermodynamic study shows that chemisorption is the main adsorption mechanism for the
activated adsorbent while physisorption is the main adsorption mechanism for the pure adsorbent. The kinetics of the
adsorption have been studied using four kinetics models of pseudo-first order, pseudo-second order, Elovich and intra-
particle diffusion. Structural analyses indicate the appearance of MnO, oxides on the cellulose fibers. The adsorption
mechanisms consist of an electrostatic interaction followed by oxidation of the Mn (II) to higher degrees, then probably

by binding to the surface of the adsorbent by different C-O-MnOjy bonds.

Keywords: Adsorption mechanism; manganese; removal efficiency; Opuntia ficus indica; environmental.

1. Introduction

Unlike organic pollutants, which are mostly affected
by biological degradation, the hazards of heavy metals are
related to their inability to degrade into non-harmful end
products. It can cause acute and chronic damage to various
organisms if present. Therefore, the removal of heavy met-
als from water and wastewater is crucial to protect the
health of living organisms. Heavy metals are naturally
present in the ecosystem, and their recent increase is at-
tributed to the effluents of many industries, such as metal
plating facilities, mining operations and tanneries. Manga-
nese (Mn) is the third most abundant transition metal in
nature, usually present in surface water and groundwater
as a divalent ion (Mn?*). It is considered as pollutant main-
ly because of its organoleptic properties.!™® Its removal
from an aqueous solution is a serious problem in many
countries as it is one of the most difficult elements to re-

move.” Contact of manganese-contaminated water with
air enhances the oxidation of Mn (II) to Mn (IV). The Mn
(IV) precipitate can stain utensils and clothing,? and gives
water an unpleasant metallic taste and odor, an increased
turbidity and a biofouling of pipelines.>’

Manganese mainly affects on the brain and heart and
can cause damage to the nervous system,'? kidney, liver and
cause mild anemia in low dose.!! Several physicochemical
methods for manganese elimination such as aeration, filtra-
tion , ion exchange, and settling techniques have evolved in
search of efficiency, affordability, and ease of use.!?"14 Dur-
ing these last few years, the adsorption technique has been
considered one of the most preferred methods for remov-
ing traces of heavy metals from water and wastewater due
to its high efficiency, ease of handling and the availability of
various adsorbents. This physicochemical process is a sus-
tainable cost-effective alternative process in the environ-
ment.!> A number of studies were carried out using differ-
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ent adsorbents for manganese removal such as activated
carbon,! moringa oleifera leaf, borassus flabellifer, mangif-
era indica,'® pithecellobium dulce carbon,” palm fruit
bunch, date stones or maize cobs.!” Several parameters are
important for comparing adsorbents such aslocal availabil-
ity and the degree of treatment required, However, the cost
parameter is rarely reported.'® Plant materials, which are
mainly composed of cellulosic materials, can adsorb micro-
pollutants such as heavy metal cations in aqueous medi-
um.'%?? Several researches show that cellulose can be easily
modified to obtain new adsorbent materials which are used
for the adsorption of heavy metal ions and to improve its
commercial value, making it eligible for new technological
applications.?! In the same context, Cactus cladodes from
Opuntia ficus indica are primarily composed of water, car-
bohydrates (starch, cellulose, hemicellulose, pectin and
chlorophyll), proteins, lignin, and lipids (carotene).?>%
This composition allows Opuntia ficus indica to be used as
an sorbent-coagulant. This study investigates heavy metals
removal using cathodes powder. Preliminary results indi-
cate low removal extents, less than 10 mg/g related to the
very low specific surface area which is probably due to the
covering of the majority of the surface by an excess of natu-
ral minerals, mainly Ca(C,0,4) - H,O (whewellite).>* For
performance improvement of this process, new by-prod-
ucts have been produced in the lab by modification of the
surface of the natural Opuntia ficus indica.

The aim of this work is to develop a new adsorbent
product following a valorization of a biomass, the activat-
ed Opuntia ficus indica, then to evaluate its properties of
adsorption of manganese ions. The structures of the adsor-
bents as prepared (crude cactus and activated one) were
identified by X-ray diffraction and infrared spectroscopy
analysis. The influence of several parameters for manga-
nese ions adsorption, such as pH, adsorbent dose, initial
concentration, contact time and temperature were as-
sessed. The adsorption equilibrium isotherm was fitted to
Langmuir, Freundlich and Temkin models. The thermo-
dynamic variables were calculated to verify the adsorption
process. The adsorption kinetics process with the two ad-
sorbents were analysed using the pseudo-first order, pseu-
do-second order, Elovich and intraparticle diffusion mod-
els. Different kinetic parameters, equilibrium adsorption
capacities and correlation coefficients R? for each kinetic
model were determined. The adsorption mechanism was
elucidated for the activated adsorbent using IR spectrosco-
py and X-ray diffraction analysis.

2. Materials and Methods

2. 1. Materials and Reagents

The cladodes of Opuntia ficus indica were collected
during July, in a plantation located in the region of Djebba
in the north of Tunisia. All reagents were pure analytical
grade and used as is without further purification. The

chemicals used were hydrochloric acid, sodium hydroxide
and MnCl,, 4H,0 (Sigma-Aldrich, France).

2. 2. Methods

2. 2. 1. Preparation of Opuntia Ficus Indica
Powder (OFIP)

Cladodes of Opuntia ficus indica were repeatedly
washed with tap water to remove dust and extraneous ma-
terial and then rinsed with distilled water. The pads were
cut into small pieces of 1cm width to facilitate drying and
followed by oven-drying at 333 K for 48 hours. The pads
were then ground into a fine powder in the size range of 40
to 80 um using a laboratory mill (Fisher Bioblock Scientif-
ic). Finally, the obtained adsorbent was stored in a clean
and dry plastic vials for further use.

2. 2. 2. Synthesis of the Activated Opuntia Ficus
Indica (Ac-OFIP)

The treatment of Opuntia ficus indica powder OFIP
with a hydrochloric acid aqueous solution at a concentra-
tion of 1M was undertaken to ensure the removal of natural
minerals excess such as whewellite and CaCOj; from its sur-
face. The suspension was stirred for about 4 hours until ho-
mogenized, after which the solution was filtered and washed
with distilled water until the pH of the water became neu-
tral. Finally, the chemically treated powder was dried over-
night in an electric oven at 333 K, ground, stored in plastic
containers. The adsorbents were named OFIP for the
non-treated material and Ac-OFIP (activated Opuntia ficus
indica) for the material treated with hydrochloric acid).

2. 2. 3. Characterization of OFIP and Ac-OFIP

All characterizations were carried out at the Materi-
als and Environment Laboratory for Sustainable Develop-
ment, LRI8ES10. A powder X-ray diffractometer (Mal-
vern PANalytical X’pert® Powder, Netherlands) was used
to collect data, which works with a flat rotated sample
holder and a 1 D-PIXcell detector.

The specific surface area of the materials based on
the Brunauer-Emmett-Teller-theory (B.E.T measure-
ments) were determined with a sorptometer (Micromerit-
ics ASAP 2020, USA) using N, adsorption at 77 K.

The vibration properties as well as the chemical
bonds present in the materials were analyzed by KBr pellet
technique on a Bruker FT-IR spectrophotometer (Tensor
27, USA). Measurements were done within the range of
400-4000 cm ™.

2. 2. 4. Chemical Analysis and Batch Adsorption
Experiment

The manganese concentrations were determined by
inductively coupled plasma optical emission spectrosco-
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py ICP (ISO 11885: 2007) and results were expressed as
mg/L. The solution pH was determined using a pH me-
ter (BANTE Instruments). Batch adsorption experiments
were carried out in conical flasks, with optimal values for
adsorbent mass, pH, temperature and initial Mn (II) con-
centration. The flasks were then placed on an orbital labo-
ratory shaker (Heidolph), at a constant speed of 100 rpm.
Supernatant was collected and filtered through a What-
man filter paper before chemical analysis to remove the
adsorbent materials particles that may be present in the
supernatant.

2. 2. 5. Significance of Thermodynamic
Parameters for the Adsorption Process

The adsorption capacity at equilibrium Qe (mg/g) of
manganese by OFIP and Ac-OFIP was calculated using the
following equation:

Qe = ((C;— Ce) x V/m) (1)

where C; and Ce are the solution manganese concentra-
tions at the initial and at equilibrium (mg/L), V is the vol-
ume of the solution and m is the adsorbent mass added to
the solutions (g).

The studies on the adsorption isotherm are of funda-
mental importance to determine the adsorption capacity
of Mn (II) on the adsorbents and to develop an equation
which accurately represents the results, and which could
be used for the purposes of design. The models used in this
process of fixing metal jons in solution on the two adsor-
bents are the Langmuir, the Freundlich and the Temkin
equations.

The Langmuir isotherm involves adsorption on a
single layer of the adsorbent and supposes three condi-
tions: (a) the number of adsorption sites on the surface of
the solid is fixed and the recovery of the surface of the sol-
id in one molecular layer, (b) the enthalpy of adsorption is
identical for each adsorption site and (c) no interaction
between the adsorbed molecules.

The linear form of the Langmuir isotherm model can
be expressed as:

Ce 1 Ce
Qe Qmax X Ki,

2
Qmax ( )
where Q.. (mg/g) is the monolayer saturation adsorption
capacity and K (L/mg) is the Langmuir constant related to
the adsorption capacity. The essential characteristics of the
Langmuir isotherm can be expressed by a unitless constant
called the separation factor (R;) or equilibrium parameter,
defined by Weber et al., as following:%®
1
R = ———

L= 1+Kk, xc; )
with the K the Langmuir constant and C,, initial concen-
tration value. When R;> 1, the isotherm is unfavorable

and linear when equal to 1. It is favorable if 0 <Ry <1 and
irreversible if it is equal to zero. Unlike Langmuir, who as-
sumes that the enthalpy of adsorption of fluids on solids is
a constant with respect to the recovery rate of the surface
of the solid, Freundlich assumes a logarithmic variation of
this enthalpy according to the rate of recovery. According
to the logarithmic form of the Freundlich isotherm, when
R;> 1, the isotherm is unfavorable and when R is equal to
1, it is linear. It is favorable if 0 <R; <1 and irreversible if R},
takes the value zero. The logarithmic form of the Freun-
dlich isotherm is expressed as:

InQe =InKg +i InCe (4)

Kr (mg/g) and n are Freundlich constants. The Temkin
model is based on the fact that the heat of adsorption var-
ies linearly with the degree of recovery; this variation can
be related to the heterogeneity of the surface, or to lateral
interactions between adsorbed molecules. The Temkin’s
relationship in linear form is expressed as follows:

Qe=BInK; +BlnCe (5)

B (J/mol), the Temkin constant relative to the heat of ad-
sorption and Ky (L/g), the equilibrium adsorption con-
stant corresponding to the maximum binding energy.

The variations of the standard enthalpy AH®, the
standard entropy AS°® and the Gibbs free energy AG® dur-
ing the adsorption of manganese by OFIP and Ac-OFIP
can be evaluated from the following equations:

AG’ = —RTInK, (6)
= Qe
Kc= Ce (7)

AG® is also linked to AH® and AS® by:
AG’ = AH' —TAS’ (8)

R is the gas constant with a value of 8.314 J/mol K and T is
the absolute temperature (K).
Substituting Eq. (6) into Eq. (8) gives:

InK; =-S5 +2 (9)

The thermodynamic properties of an adsorption pro-
cess are necessary to determine whether the process is fa-
vorable or not. They can also help to understand the binding
mechanisms of metals on adsorbents and show whether the
process follows physisorption or chemisorption.?® In phy-
sisorption, the adsorbate (metal ion) is fixed to the surface
of the solid (adsorbent) by weak Van der Waals attractions
and by a low heat of adsorption of approximately 20 to 40
KJ/mol. Consequently, the process is rapid and reversible
in nature.?” However, the current study considers about
chemisorption when chemical bonds form between the
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surface of the solid (adsorbent) and the adsorbate (metal
ion) and with high heat of adsorption (40-400 KJ/mol). In
this case, it is difficult to remove the heavy metals adsorbed
from the adsorbent; therefore, chemisorption is slow and
irreversible in nature.?8

Adsorption Kinetics Models

In order to investigate the mechanism of manganese
adsorption on the two adsorbents (OFIP and Ac-OFIP),
four kinetics models are studied: pseudo-first order, pseu-
do-second order, Elovich and intraparticle diffusion.

Pseudo-First Order

The Lagergren relation, based on the adsorbed quan-
tity, is the first-rate equation established to describe the
kinetics of sorption in a liquid - solid system. This pseu-
do-first order model is represented by the following rela-
tion:

Kqt
2.303

In(Qe - Q,) = In Qe - (10)
where Qe (mg/g) is the quantity adsorbed at equilibrium,
Q, (mg/g) is the quantity adsorbed at the time of the ad-
sorption process (t) and K; (min™) is the pseudo-first-or-
der rate constant.

Pseudo-Second Order

The application of Blanchard’s model, allows to de-
scribe the adsorption process as pseudo-second order re-
action, represented by the following equation:

1 1 t
% Kpxge? ge (1

where Qe (mg/g) is the quantity adsorbed at equilibrium,
Q, (mg/g) is the quantity adsorbed at time t, t is the time
of the adsorption process and k;, (mg/g.min) is the pseu-
do-second-order adsorption rate constant.

Elovich Equation

The Elovich model is one of the most useful for de-
scribing such activated chemical adsorption. It is often
valid for systems in which the adsorption sites are hetero-
geneous. The Elovich equation is as follows:

Q= iln(ab) + bi Int (12

where Q; (mg/g) is the quantity of adsorption at time t
(min), a (mg/g) is an initial adsorption rate and b (g/mg)
is the desorption constant.

Intraparticle Diffusion Model

The intraparticle diffusion model has widely been
applied for the analysis of adsorption kinetics. This model
is represented by the equation:

Ge= ™% € (13)

where Q, is the quantity of adsorption (mg/g) at time t
(min), k; (mg/g.min®°) is an intraparticle diffusion rate
constant and C is the intercept.

3. Results and Discussion

In this study, manganese adsorption onto OFIP and
Ac-OFIP was investigated as a function of solution pH, ad-
sorbent dosage, initial concentration of Mn (II) and tem-
perature.

3. 1. Analysis of the biosorbents

3. 1. 1. XRD Characterization

The structure analysis of the Opuntia ficus indica
powder by X-ray diffraction prior and after treatment
(OFIP / Ac-OFIP) (Fig. 1) was performed to identify the
crystalline and amorphous regions present in these sam-
ples. The X-ray pattern of OFIP powder shows strong
crystalline peaks characteristic for calcium oxalate mono-
hydrate (whewellite) at 14-15° and 24-25° (28), which was
identified with the PDF # 20-0231 of ICDD-JCPDS da-
tabase. This result is in agreement with that reported by
Monje and Baran? and Contreras-Padilla et al.,>* which
identified the presence of calcium oxalate in different Cac-
taceae species belonging to the Opuntioideae subfamily,
including Opuntia ficus indica. Furthermore, the results
showed three Bragg reflections located at 29-30, 39-40
and 45-50° (20) in the pattern which are indicative of the
presence of calcium carbonate CaCO; (PDF # 47-1743).

The x-ray pattern of Ac-OFIP powder (Fig. 1) is typ-
ical for cellulose I. The four well defined crystal peaks ob-
served around 20 = 15° 16.5° 22° and 35° are assigned
to (1-10), (110), (200) and (004) respectively.*® Unlike
hemicellulose and lignin, which are amorphous in nature,
cellulose has a crystal structure due to hydrogen bonding
interactions and Van der Waals forces between adjacent
molecules.?! The crystallinity of the fibers of Opuntia ficus
indica powder after treatment was well assessed. The treat-
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Fig. 1. XRD patterns of OFIP (a) and Ac-OFIP (b)
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ment had effectively influenced the crystallinity of cellulose
as reported by Mwaikambo and Ansell®? stating that the
alkaline chemical treatment on vegetable fibers increases
their rigidity because the impurities present in them can
be eliminated during this treatment. Therefore, the crys-
tallinity of the Ac-OFIP powder can be determined and
compared to the untreated OFIP powder to gain access to
the effectiveness and importance of the activation process.

3. 1. 2. FT-IR Measurements

The spectra of OFIP and Ac-OFIP (Fig. 2) were in-
vestigated to obtain information on the nature of func-
tional groups at the surface of the adsorbents. The in-
frared (IR) spectrum of OFIP showed broad, strong and
superimposed bands in the 3600-3200 cm™! region due
to the elongation of the O-H bonds. The bands at 2928
cm, 2858 cm! (different C-H vibrations), 1613.96 cm™},
1414.56 cm™! and 780 cm™! (different vibrations and defor-
mation of the carboxylic groups) are characteristic of OFIP
powder with the presence of calcium oxalate monohydrate
(whewellite) and carbonates according to Contreras-Pa-
dilla et al.>* Absorption peaks in the region of wavenum-
bers lower than 800 cm™ could be attributed to N-con-
taining bioligands as mentioned in the literature.*> Due to
OFIP’s activation process with the acid treatment, a lot of
FT-IR peaks have shifted in the Ac-OFIP spectrum. Thus,
the intensity of the band linked to ~-OH (3600-3200 cm™!)
decreased after activation, which indicates that the treat-
ment with acid leads to the breaking of weak bonds, and
the band around between 1500-1750 cm™ attributed to
vibrations of carbonyl bonds C = O become more resolved
and intense around 1740 cm™. The peaks at 1613.9 cm™,
1414.5 cm™1,780 cm™! and near the region 800 cm™ have
completely disappeared in Ac-OFIP spectrum due to the
elimination of calcium oxalate and carbonate and N-con-
taining bioligands.
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Fig. 2. FT-IR spectra of OFIP (a) and Ac-OFIP (b).

3.1. 3. B.E.T Surface Areas

The specific surfaces of the two adsorbents Ac-OFIP
and OFIP were determined by B.E.T and the values ob-
tained indicate a very small specific surface for the un-
treated cactus powder. Barka et al. have already reported
similar values in the range of 1.01 m?/g in their study of
the B.E.T surfaces of the Moroccan biosorbent Opuntia
ficus indica.®® They linked this result to the fact that the
OFI can be considered as a non-porous material with
no defined opening on their morphology and therefore
without internal surface. The main reason could be the
agglomeration of well-crystallized minerals (CaCO;,
CaC,0, H,0) on the surface of the cladodes, character-
ized by XRD measurement and IR spectroscopy?® which
contributes to the reduction of the porous surface and
therefore to the specific surface. The OFIP product has a
B.E.T surface area of 1.6 m?*/g and a porous volume equal
to 0.002 cm®/g, while Ac-OFIP has a significantly larger
B.E.T surface area, 12.4 m?/g and a porous volume equal
to 0.090 cm?/g. The increase in the B.E.T surface area of
OFIP after treatment could be attributed to the removal
of whewellite particles, carbonates and other impurities
from OFIP. All these results confirmed the successful syn-
thesis of Ac-OFIP.

3. 2. 1. Effect of pH

The pH of the aqueous solution is an important var-
iable, which can have a significant effect on the extent of
adsorption, because it influences on the surface properties
of the adsorbent.**% In addition, it influences the ioni-
zation degree of metals in the solution.’’~3° Manganese
adsorption onto OFIP and Ac-OFIP was investigated at
initial pH range of 4-8 and the results are shown in Fig.
3. All the other factors were kept constant that is: temper-
ature at 298 K, adsorbent dosage at 0.4 g/L, contact time
of 24 h, agitation speed kept at 100 rpm and Mn (II) in-
itial concentration of 27.75 mg/L. As shown in Fig. 3 the
percentage removal of Mn (II) greatly depends on pH for
the Ac-OFIP powder. Firstly, the percentage removal was
found to increase gradually with the increase of pH up to
5 for the OFIP with no considerable change after the pH 5.
Secondly, for the adsorbent treated Ac-OFIP, the percent-
age removal of Mn (II) ion increased with an increase in
the pH from 4 to 7 and it was almost constant up to pH 8.
The results of the percentage of maximum elimination of
the manganese ions were of the order of 35.5% and 91.6%
for OFIP and Ac-OFIP, respectively. The small metal ad-
sorption at low pH values could be attributed to the com-
petition of hydrogen ions with the manganese for the oc-
cupancy of the adsorption sites. Indeed, at low pH values
a protonation of functional groups was produced on the
adsorbent surface which limited the interaction between
the positively charged metal ions and the two adsorbents
due to repulsive forces; this reduced the Mn (II) adsorp-
tion capacity.
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Fig. 3. Effect of pH on the adsorption of Mn (II) ions on OFIP and
Ac-OFIP.

There was a significant increase in the removal of
metal ions at pH 5 for OFIP and 7 for Ac-OFIP, this can
be explained by the fact that the adsorption sites were no
longer affected by the pH variation. At a higher pH, the re-
moval efficiency of Mn (II) ions gradually decreased with
the two adsorbents. A pH greater than 8 has been neglect-
ed due to the precipitation of Mn(OH), which could be
formed with the increasing amount of OH™ in the solution,
which would be mistaken as adsorption due to the differ-
ent powders. For subsequent investigations, pH 5 and 7
appeared as the optimal conditions for OFIP and Ac-OFIP
respectively.

3. 2. 2. Effect of Adsorbents Dosage

The dependence of manganese adsorption on dose
was studied at pH 5 for OFIP and pH 7 for Ac-OFIP. The
initial concentration of Mn (II) was fixed at 27.75 mg/L
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Fig. 4. Effect of adsorbent dose on the elimination of Mn (II) ions
for OFIP and Ac-OFIP.

and contact time at 24 h. All experiments were carried at
ambient temperature with adsorbent concentrations from
0.2 g/L to 1.3 g/L. The relationship between the percentage
removal of Mn (II) and the dose of OFIP and Ac-OFIP is
shown in Fig. 4. The curves obtained show a great capacity
of the Ac-OFIP material in the elimination of Mn (II) ions,
which can reach approximately 99.6%, while it only reach-
es 52% for OFIP. The results obtained also indicate that the
rate of removal of Mn (II) ions increases with the amounts
of adsorbent in the solution to reach its maximum at op-
timal dosages of 0.7 g/L for Ac-OFIP and 1.1g/L for OFIP.
This trend in uptake is attributed to the increasing number
of negatively charged active sites and surface area for Mn
(II) binding on the adsorbent. After the optimum dosage,
the elimination rate does not change, which corresponds
to the saturation of different types of adsorbent active sites
by the adsorbate (ions of metals Mn (II) in the system).

3. 2. 3. Effect of Mn (II) Initial Concentration

In order to evaluate the effect of Mn (II) ion concen-
tration on the adsorption behavior of the two adsorbents
(OFIP and Ac-OFIP), adsorption experiments with vary-
ing manganese concentrations of 2 mg/L to 85 mg/L were
studied in the best experimental conditions: pH 5.0 for
OFIP, pH 7.0 for Ac-OFIP and adsorbent concentration of
0.7g/L for Ac-OFIP, and 1.1 g/ Lfor OFIP. Fig. 5 shows that
the highest percentage removal of Mn (II) are observed
for Ac-OFIP (99.99%) with a maximum adsorption ca-
pacity of 42.02 mg/g. However, pure OFIP exhibits a low
adsorption capacity of only 20.8 mg/g. It can also be de-
duced from the results presented in Fig. 5 that for the two
adsorbents, the maximum adsorption capacities are only
reached for low initial concentrations of Mn (II), then the
elimination values decrease with increasing initial concen-
tration of the manganese solution. This is due to the fact
that some manganese ions remained in the solution due to
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= 70
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Fig. 5. Effect of Min (II) concentration on removal rate for OFIP and
Ac-OFIP.
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Table 1. Fitting parameters and goodness of fit for three different isotherm models (Langmuir, Freundlich and Temkin) applied to

experimental adsorption data.

Adsorbents Langmuir

Q max (mg/g) K R?

Freundlich Temkin
Kp R B K R?

OFIP 20.8
Ac-OFIP 42.02

0.245 0.99
6.102 0.99

3.244
5.437

6.157 095
25.84 0.90

3.306 6.36 0.96
3.563 8.32 0.98

the saturation of the active sites on the adsorption surface
of the adsorbent materials and thus sites with high affinity
were the first to be saturated. Subsequently, the affinity of
the metal cations for the remaining sites decreased.

3. 2. 4. Effect of Temperature

The temperature of the medium is a very important
parameter in this process because it exerts a considera-
ble influence on the adsorption rate.’ The temperatures
used in this experimental phase vary from 293 to 313 K
with an interval of 5 K. The results of the tests carried out
show that the temperature acts directly on this adsorption
process with maximum fixation at 308 K for the two ad-
sorbents. This is explained by the fact that the adsorption
of manganese in aqueous medium by OFIP and Ac-OFIP
is exothermic. The percentage removal of Mn (II) for this
medium are 80% and 36% for Ac-OFIP and OFIP, respec-
tively, (Fig. 6).

3. 2. 5 Effect of Contact Time

The effect of contact time on the percent removal of
Mn (II) by OFIP and Ac-OFIP was studied in the range
10-120 min to find equilibrium time for adsorption (Fig.
7). The adsorption experiments were carried out at opti-
mal experimental conditions: pH 5.0 in the case of OFIP
as adsorbent with concentration of 1.1 g/L and pH 7.0 for
the case of Ac-OFIP as adsorbent with concentration of 0.7

80 4 —»— Ac-OFIP
—+— OFIP
70
ey
< 60
©
>
£
b 50
£
= 40
=
30
20 . , . : . : . . .
290 295 300 305 310 315

Temperature (K)

Fig. 6. Effect of temperature on removal rate for OFIP and Ac-OFIP.
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Fig. 7. Effect of contact on removal rate for OFIP and Ac-OFIP.

g/L. The initial concentration of manganese was 20 mg/L
in both cases. As shown in Fig. 7 the percentage removal
of Mn (II) with both adsorbents (OFIP and Ac-OFIP) is
higher at the beginning. This is probably due to the fact
that at the beginning a larger surface of adsorbent is avail-
able for the adsorption of Mn (II). The equilibrium was
reached within the first 60 and 80 minutes of stirring with
Ac-OFIP and OFIP, respectively. Beyond this time, we
noticed it reached a saturation level. As the contact time
increased the active surface adsorption sites on both ad-
sorbents were filled.

3. 3. Adsorption Isotherms

The application of Langmuir, Freundlich and of
Temkin models on the results of the experiments was un-
dertaken under the current study operating conditions
(Vag: 100 rpmy; Tpjpiey: 298 K; pH milieu: 5 with OFIP, 7
with Ac-OFIP; and mopipang ac.orrp): 1.1g/L and 0.7 g/L).
Fig. 8 (a) and Fig. 9 (a) demonstrate the linear plot of Ce/
Qe as a function of Ce for OFIP and Ac-OFIP respectively.
The values of Q.. and K; were determined from slope
and the ordinate at the origin of the linear regressions as
shown in Table 1. The Ry values calculated for this study
are illustrated in Table 2. Two plots of In (Qe) as a function
of In (Ce) are shown in Fig. 8 (b) and Fig. 9 (b) for OFIP
and Ac-OFIP, respectively, where the values of K n and
the correlation coefficient R? for the Freundlich model are
given in Table 1.
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Fig. 8. Langmuir isotherm (a), Freundlich isotherm (b) and Temkin isotherm (c) for Mn (II) adsorption on OFIP adsorbent.
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Fig. 9. Langmuir isotherm (a), Freundlich isotherm (b) and Temkin isotherm (c) for Mn (II) adsorption on Ac-OFIP adsorbent.
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Table 2. Ry as a function of the initial concentration of manganese

C; (mg/L) 5.55 13.87 1942 2775 5550  83.25
R, (OFIP) 0424 0227 0.173 0128  0.068  0.046
R; (Ac-OFIP) 0.028  0.011  0.008 0005 0002  0.001

Table 3. Values of thermodynamic parameters of manganese adsorption at different temperatures by

OFIP and Ac-OFIP.

Adsorbent Temperature Ky AG° AH° AS°
K KJ/mol KJ/mol KJ/mol K
OFIP 293 0.2262 3.6210
298 0.2670 3.2717 26.30 0.077
303 0.3248 2.8330
308 0.4248 2.1925
313 0.3807 2.5128
Ac-OFIP 293 0.8158 0.4958
298 0.9605 0.0998 54.79 0.183
303 1.3654 -0.7845
308 2.9303 -2.7530
313 1.7770 -1.4961

Figures 8 (c) and 9 (c) show plots of Qe as a func-
tion of In (Ce), which permitted to determine the iso-
thermal constants K and B. The values of Ky, B and the
correlation coefficient R? for Temkin model are given in

Table 1.

The best data adjustments were obtained with the
Langmuir isothermal model for the OFIP and Ac-OFIP.
This observation is justified by the values of the regression
coefficients which are better for the OFIP and Ac-OFIP
with the Langmuir equation (R* Langmuir: 0.99). It is clear
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Fig. 10. Pseudo-first-order (a), pseudo-second-order (b), Elovich (c) and intraparticle diffusion (d) models for Mn (II) adsorption on OFIP adsor-

bent.
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Fig. 11. Pseudo-first-order (a), pseudo-second-order (b), Elovich (c) and intraparticle diffusion (d) models for Mn (II) adsorption on Ac-OFIP ad-

sorbent.

from Table 2 that the value of the R; ratio decreases with
the increase of the initial concentration for the two cases of
adsorbents and remain between 0 and 1 suggesting a fa-
vorable significance for the Langmuir model.

3. 4. Thermodynamics Studies

The estimated thermodynamic parameters AH®, AS°
and AG® of the effect of the temperature on the adsorption
of Mn (II) by pure and modified Opuntia ficus indica
(OFIP/Ac-OFIP) are given in the Table 3.

All the values of free energies for the chosen temper-
ature range (AG® > 0) revealed that the adsorption of Mn
(II) by OFIP was not a spontaneous process, whereas for
the adsorption of Mn (II) by Ac-OFIP, the free energy val-
ues showed positive rates at low temperatures and tended
towards the spontaneity of the adsorption process with in-
creasing temperature. The adsorption of Mn (II) increased
as the temperature increased in the range of 293 to 313 K,
which implies that the process is more favorable at high
temperatures.

A linear plot of In K against 1/T in the temperature
range of 293 to 308 K was established and AH® and AS°
were determined.

The calculated enthalpy values are greater than zero
(AH® > 0) and have been found to be 26.30 and 54.79 KkJ/
mol respectively for OFIP and Ac-OFIP, which shows that

this adsorption process is endothermic in nature. The en-
thalpy value AH® is less than 40 kJ/mol for OFIP, which
indicates that physisorption is the main adsorption mech-
anism, while it is greater than 40 kJ/mol for Ac-OFIP and
this indicates in this case that chemisorption is the main
mechanism of adsorption. The positive entropy values for
the two adsorbents (AS°® > 0) reflect a disorder in the sys-
tem at the solid solution interface that occurred during
adsorption.

3. 5. Adsorption Kinetics

Details of the application of the four kinetic models
(pseudo-first order, pseudo-second order, Elovich and in-
traparticle diffusion). The results obtained from the exper-
iments under optimum conditions are illustrated on Fig.
10 (a, b, ¢, d) and Fig. 11 (a, b, ¢, d). The linear plot of In
(Qe-Q,) versus of time t for OFIP and Ac-OFIP, respec-
tively, is shown Fig. 10 (a) and Fig. 11 (b). The values of k;,
Qe and R? were determined from slope and the ordinate at
the origin of the linear regressions (Table 4).

Two plots of t/Q, as a function of time t have been
shown in Fig. 10 (b) and 11 (b) for OFIP and Ac-OFIP
respectively, where the values of k,, Qe and the correlation
coeflicient R?for the pseudo-second order model are given
in Table 4. Figures 10 (c) and 11 (c) show plots of Q, as a
function of In t, which allowed to determine the constants
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Table 4. Correlation coefficients R? and constant values of kinetics parameters of manganese adsorp-

tion by OFIP and Ac-OFIP.

Adsorbent Pseudo-First-r Pseudo-Second- Elovich Intraparticle
Orde Order Model Diffusion
OFIP R? 0.961 R? 0.996 R? 0.979 R 0938
Qe (e 1161 Qe(meg 1161 a 4.553 k1,298
Qe mxp) 1092 Qe 1412 b 0311 C 2465
K, 0150 K, 0.006
Ac-OFIP R? 0.986 R? 0.998 R? 0.974 R? 0946
Qe (e 2814 Qe(me 2814 a 22536 k2118
Qe mxp)  17.65 Qe 3106 b 0192 C 13373
K, 0156 K, 0.005

a and b. The values of a, b and the correlation coefficient
R? for Elovich model are given in Table 4. Figures 10 (d)
and 11 (d) show the linear plot of Q; as a function t** for
OFIP and Ac-OFIP respectively, where the values of k; and
the correlation coefficient R? for the intraparticle diffusion
model are given in Table 4.

As can be seen from the Fig. 10 and Fig. 11, the
extremely high correlation coefficients R? for OFIP
(0.996) and Ac-OFIP (0.998) were obtained for pseu-
do-second order model. Thus, adsorption of manga-
nese onto adsorbents (OFIP and Ac- OFIP) followed
the pseudo-second order kinetic process. In addition,
equilibrium adsorption capacity values Qe calculated
were in good agreement with experimental values for
the two adsorbents.

3. 6. Adsorption Mechanisms of Mn (II)

3. 6. 1. XRD Analysis

Fig. 12 shows the XRD patterns of Ac-OFIP before
and after the adsorption of Mn (II) ions. X-ray diffraction
analysis was used to confirm the presence of Mn on the
surface of the OFIP modified. Thanks to the appearance

* MnOx

(b)

Intensity (arb.units)

(@

260(%)

Fig. 12. Comparison in XRD patterns of Ac-OFIP (a) and Mn-Ac-
OFIP (b).

of new MnO, peaks, it is possible to probe their presence.
As mentioned in the previous sections, the adsorption of
Mn (II) by Ac-OFIP is a chemisorption and a detailed
inspection of the XRD diagram after the adsorption pro-
cess could provide more information on the mechanism
of adsorption. Compared to that of the pure Ac-OFIP
pattern, new distinct peaks were observed on the Ac-
OIFP diagram at 26.8° 29.5° and 31.9° 20 attributed to
the typical peaks of MnOj, oxides according to references
from PDF-4 database (ICDD). No strong evolution of the
XRD diagram was noted, the Bragg angles of the cellulos-
ic diagram (diffraction peaks) remained essentially un-
changed following the adsorption process of the Mn (II)
cations. These results suggest that the grafting of different
MnO, took place on the surface of the cellulose fibers,
and the cellulose maintained its crystal structure. These
results suggest that the Mn (II) adsorbed was first oxi-
dized to higher degrees, and then, probably maintained
on the surface of the adsorbent with different C-O-MnO,
bonds.

3. 6. 2. Analysis of FT-IR Spectra

FT-IR spectra were also useful for judging the bond-
ing states between functional groups of the adsorbent and
the metal ion. The comparison of the IR spectra of pure Ac-
OFIP and that after adsorption is well illustrated in Fig. 13.
The appearance of an intense band at 620 cm™! and three
minor bands at 437cm™!, 536 cm™! and 474 cm™! demon-
strated the presence of different oxides of MnO, on the ad-
sorbent. In addition, the absorption bands of MnO,, in the
region of low frequencies were very broad; this was related
to the crystalline and amorphous content and to the effect
of the particle size on the spectral characteristics. Due to the
interaction of the functional groups of the adsorbent with
the Mn (II), FT-IR peaks can move towards lower or high-
er wavenumbers after the loading of Mn (II), depending on
bond strength between metal ions and adsorbent.*! It can
be deduced from Figure 10 that after the adsorption of Mn
(II), there was a change in the peak of the carbonyl group C
= O from 1737 cm™! to 1637 cm™!, which may indicate that
the carbonyl group is involved in the adsorption process.
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Furthermore, the appearance of a broad band at 2130 cm™!
related to the carbonyl stretches for Mn(CO),, on the surface
after adsorption, indicates the important role that it plays in
the chemisorption of Mn (II) on ligands. On surfaces, the
geometric arrangement of the CO bond can be determined
from the vibration frequency.**** The stretching of the free
molecule C-O generally occurs at 2143 cm™!,*24 far from
most other molecular vibrations, it provides a practical and
sensitive indicator of binding interactions. In “classic” car-
bonyls, the stretching frequency C-O(v) is lowered com-
pared to its value in the free CO molecule due to a marked
decrease in bonding electron density and an increase in an-
tibonding electron density in the m*.

The majority of the transition metal carbonyl com-
plexes exhibit a red shift resulting in stretching of the
carbonyl. In our case the charge-induced reduction in nt
back-bonding leads to a decreased red-shift in Mn(CO),
(Vo =2130 cm™Y).

No change in the frequency of the cellulosic bands
was noted following the adsorption process, suggesting
that chemisorption took place on the surface of the cellu-
losic fiber, and also that Ac-OFIP continued to maintain
its crystal structure.

(a)

Transmittance [%]

T v T T y T T
500 1000 1500 1 2000 2501
Wavnumber cm”

Fig. 13. Comparison in FT-IR spectra of Ac-OFIP (a) and Mn-Ac-
OFIP (b).

3. 7. Comparison with the Other Adsorbents

Some adsorbents used for the removal of Mn (II)
reported in the literature were compared with OFIP, and
with Ac-OFIP as indicated in Table 5. The values obtained
for the maximum adsorption capacity in this study are
much higher compared to those obtained with other ad-
sorbents (except the two studies 45 and 46). Therefore, it
should be emphasized that OFIP and Ac-OFIP adsorbents
can become a material of choice successfully compete with
other absorbents.

Table 5. Comparison of maximum Mn (II) adsorption capacities
with other adsorbents.

Adsorbents Capacity (mg/g) Reference
Ac-OFIP 42.0 This study
OFIP 19.5 This study
Pecan nutshell 103.8 45
Crab shell particles 69.9 16
Natural zeolitic tuff 10.0 47
Black carrot residues 52 48
Activated carbon immobilized 1.7 49

Bytannic acid
Kaolinite 0.4 50
Pithacelobium dulce carbon 0.4 7

4. Conclusion

In this study, Opuntia ficus indica powder with and
without activation treatment (OFIP, Ac-OFIP) have been
used as an adsorbent in the removal of Mn (II) from aque-
ous solutions. The surface modifications of OFIP have
been made to improve the selectivity of the by-products
and thus have more affinity for the cations and improve the
adsorption capacity. A very high percentage of manganese
elimination has been observed in the case of Ac-OFIP. In
the study of factors affecting the adsorption process, the
percentage removal of Mn (II) increased with the pH and
the dose of adsorbents up to the optimum values and there
have been no considerable changes thereafter. The equi-
librium absorption of the adsorbents has been found to
decrease with the increase in the initial concentration of
manganese ions in solution. The thermodynamic study
has shown that this process is endothermic in nature and
with a positive change in entropy for the two adsorbents,
suggesting the affinity of the metal ion for the adsorbents.
Chemisorption is the main adsorption mechanism for
Ac-OFIP while it is physisorption for OFIP. A study of ex-
perimental isotherms such as Langmuir, Freundlich and
Temkin revealed that the best fit has been obtained by the
Langmuir model for OFIP and Ac-OFIP. The kinetic data
is in good agreement with pseudo-second order kinetic
model with high correlation coeflicients for the two ad-
sorbents. For Ac-OFIP, the XRD and infrared characteri-
zations have confirmed that the process is chemisorption
as suggested by the thermodynamic study. The adsorption
mechanisms consisted of electrostatic interaction, oxida-
tion of the Mn (II) adsorbed to higher degrees and then
probably maintained on the surface of the adsorbent with
different C-O-MnQO, bonds. The results have shown that
Ac-OFIP is an effective adsorbent of Mn (II) which needs
to be further explored.
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The adsorption of manganese ions from aqueous solutions by pure and acid-treated Opuntia ficus indica as natural
low-cost and eco-friendly adsorbents was investigated. The adsorbents structures were characterized by powder X-ray
diffraction and infrared spectroscopy. Specific surface areas were determined using the Brunauer-Emmett-Tell equation.
The study was carried out under various parameters influencing the manganese removal efficiency such as pH, tem-
perature, contact time, adsorbent dose and initial concentration of manganese ion. The maximum adsorption capacity
reached 42.02 mg/g for acid-treated Opuntia ficus indica, and only 20.8 mg/g for pure Opuntia ficus indica. The Lang-
muir, Freundlich and Temkin isotherms equations were tested, and the best fit was obtained by the Langmuir model
for both adsorbents. The thermodynamic study shows that chemisorption is the main adsorption mechanism for the
activated adsorbent while physisorption is the main adsorption mechanism for the pure adsorbent. The kinetics of the
adsorption have been studied using four kinetics models of pseudo-first order, pseudo-second order, Elovich and intra-
particle diffusion. Structural analyses indicate the appearance of MnO, oxides on the cellulose fibers. The adsorption
mechanisms consist of an electrostatic interaction followed by oxidation of the Mn (II) to higher degrees, then probably
by binding to the surface of the adsorbent by different C-O-MnO, bonds.
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