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Abstract

Activated carbons calcined at 400°C and 600°C (AC-400 and AC-600), pre-
pared using palm nuts, collected in the town of Franceville in Gabon, were
used to study the dynamic adsorption of MnO, ions in acidic media on
fixed bed column and on the kinetic modeling of experimental data of
breakthrough curves of MnO, ions obtained. Results on the adsorption of
MnO, ions in fixed-bed dynamics obtained on AC-400 and AC-600 adsor-
bents beds indicated that the AC-400 bed appears to be the most efficient in
removing MnO, ions in acidic media. Indeed, the adsorbed amounts, the
adsorbed capacities at saturation and the elimination percentage of MnO,
ions obtained with AC-400 (31.24 mg; 52.06 mg-g™ and 41.65% respectively)
were higher compared to those obtained with AC-600 (9.87 mg; 16.45 mg-g™!

and 17.79% respectively). The breakthrough curves kinetic modeling revealed
that the Thomas model and the pseudo-first-order kinetic model were the

most suitable models to describe the adsorption of MnO, ions on adsor-

bents studied in our experimental conditions. The results of the intraparticle
diffusion model showed that intraparticle diffusion was involved in the ad-

sorption mechanism of MnO, ions on investigated adsorbents and was not
the limiting step and the only process controlling MnO, ions adsorption. In
contrast to AC-400, the intraparticle diffusion on AC-600 bed plays an im-

portant role in the adsorption mechanism of MnO; ions.
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1. Introduction

In order to diversify its economy, Gabon created the company “Olam Palm Ga-
bon” with the Singaporean group Olam for the development of the palm oil sec-
tor with the objective of being the first industrial producer of palm oil in the
African continent [1]. Today, OLAM Palm Gabon owns nearly 300,000 hectares
of forest and over 4322 hectares of palm trees plantations [1]. This large scale oil
production generates important amounts of waste, including palm nuts shells,
which cause visual and environmental pollution. It is then important to find so-
lutions for the reduction of this type of pollution. One solution is the use of palm
nut shells as raw material in the preparation of solid adsorbents of activated
carbon type.

Indeed, the raw materials used in the preparation of activated carbons can be
from animal (animal bones), minerals (coal) and vegetables (plants, bark etc.) [2]
[3] [4] [5]. A particular interest is made for materials of plant origin such as lig-
nocellulosic biomass of agricultural waste type. In fact, these latter are: renewa-
ble, inexpensive and easily available source [2]. Palm nut shells, due to their
carbon, lignin and hemicellulose content and their capacity to produce micro-
porous activated carbons, are of particular interest in the production of this type
of adsorbent [3]. These porous solid materials are capable of trapping or elimi-
nating at their surface, or in their porous structures, organic or mineral pollu-
tants in the form of ionic toxic species (Cr,03"; MnO; ...) in aqueous media [6]
[7]. For example, in Gabon, the intensity of mining activities in the extraction of
manganese (Mn), in Moanda and Franceville, in the Haut Ogooué province, has
resulted in higher manganese concentrations in the surrounding soils and envi-
ronment [8]. Mn is one of the inorganic pollutants sensitive to redox reactions
and can form anionic species of the MnO; type under certain media condi-
tions [7]. These species can also be generated following disinfection processes of
potable water and in the elimination of organic substances from wastewater
through oxidation processes [9] [10]. MnO, ions can cause irritation to the
skin, eyes, destruction of the liver and kidneys in case of splashing or oral inges-
tion [10]. Considering the toxic nature of MnO, ions, the World Health Or-
ganization (WHO) recommends a limit of 0.5 mg-L™" of MnO, ions in waste-
water [11]. Many studies have investigated the adsorption or removal of MnO;,
ions on activated carbons in aqueous solution, by evaluating the effect of expe-
rimental conditions (pH and concentration of initial solution, adsorbent mass,
particle size, etc.) in order to determine the bed efficiency and adsorption capac-

ities of activated carbons [12] [13] [14]. It appears that the experimental condi-
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tions have a strong influence on the efficiency of the adsorbent bed to trap
MnO, type pollutants. So, in acidic media, removal of MnO, ions seems to be
more efficient on the activated carbons.

Thus, the aims of this study were to prepare the activated carbons from the
palm nut shells, collected in the city of Franceville in Gabon and to carry out the
adsorption of MnO, ions in dynamic conditions at fixed bed in acidic media.
The application of Thomas, Adams-Bohart and pseudo first and pseudo second
order kinetic models on experimental data of MnO, ions adsorption has also

been realized.

2. Experimental
2.1. MnO; Ions Solution Preparation

1 gL' of MnO, ions solution were prepared by dissolving in distilled water 1 g
of extra-pure crystallized potassium permanganate (KMnOy) from Scharlab SL,
in a flask of 1 L. The solution was stirred during 15 minutes. Then by dissolution,
a 50 mg-L™! solution was prepared. The 50 mg-L" solution was used to study the

adsorption of MnOj ions on activated carbons.

2.2. Preparation Method of Activated Carbons

Activated carbons (AC) were prepared using the palm nut shells collected in the
city of Franceville in the Haut Ogooué region of Gabon. All procedure of prepa-
ration of AC was reported in a recent study [13].

However after impregnation at a zinc chloride solution to 1 M (1:1 ratio) and
drying, the solids were activated at 400°C and 600°C for 1 h and 30 minutes
(min) using a rise in temperature of 5°C-min~". The activated carbons obtained
were cooled, rinsed with 0.1 M HCl and washed with distilled water until the pH
of the residual water being equal to 6.5. Then dried in the oven for 48 h at 100°C
and sieved to have granular activated carbons with particle sizes 0.04 < x < 0.1
mm (sieves used: TAMISAR (Norm: AFNOR_NF-X11-501).

Activated carbons obtained at 400°C and 600°C will be designated AC-400
and AC-600 respectively.

2.3. Adsorbents Characterizations

Data on the surface areas and pore volumes were carried out using a Micromerit-
ics TRISTAR 3000 instrument following T. Belin method [15]. About 100 mg of
activated carbon sample was pretreated during 1 h at 90°C, and 10 h at 350°C
successively. Physisorption isotherms of nitrogen (N,) were carried out at —196°C.
The specific surface areas of samples were evaluated by means of the Brunauer,
Emmett and Teller (BET) theory [16]. Microporous and mesoporous volumes
were determined by t-plot method of De Boer and Dubinin-Radushkevich equa-
tions respectively [17] [18] [19].

The pH at the point of zero charge (pHpzc) of activated carbons was obtained
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based on the acid-base titration method described by Amola [20] and repro-
duced in in a recent study [13]. The pHpyc of activated carbons are given by the
point of intersection between the experimental curves and the theoretical curves
of pHf = f(pHi).

Assessments of surface function groups of activated carbons were performed
using the Boehm method, with little modifications [13] [21]. The number of
equivalents (meg'g™) or concentrations (mmol-g™) of acid or basic groups were

calculated using the following equation:

CX(V Vv )><1000

eqb ~ Veq.s

n(mmol -g’l) =
Mac

Cis the concentration of NaOH or HCI (mol-L™); V.. and V., are the equiv-
alent volumes of the blank and sample (L) respectively; muc is the mass of acti-

vated carbon (g) and 1000 is the conversion factor in mmol.

2.4. Fixed-Bed Column Adsorption Experiments

Experiments of the adsorption of MnO; ions on activated carbons were carried
out at room temperature (25°C) in a pyrex brand glass column of a length of 50
cm and diameter 2.4 cm, in dynamic mode on fixed-bed column. The protocol
and scheme of the experimental set-up of the adsorption process were reported
in our previous study [13].

Adsorption experiments were carried out with flow rates of 3 mL-min™', on
the activated carbon beds composed grains with particle sizes 0.04 < x < 0.1 mm.
The initial concentration (&) and pH solutions of MnO, ions used were of 50
mg-L™! and 3.5 respectively. The experiments were stopped when the beds were
saturated, Ze. when the residual concentrations (C) were equal to the concentra-
tions at the inlet of the column (&) (CJG = 1). An area (A) in minutes is ob-
tained by integration according to the trapeze method [13] [22] [23]:

G

: 2

n+l _tn )

G and Care the inlet and outlet concentrations (mg-L™") at times ¢, and £
respectively.
Adsorbed amounts of MnO, ions (g.4) and saturation adsorption capacities

(Qsa) are calculated by the following relations:
Qs (mg) =D 'Co ‘A

D-C,-A

Qsat(mg'gil)z m
AC

D, G, A and myc correspond to the flow rate (mL-min™"), the concentration at
the inlet of the column (mg-L™), the area surface corresponding to the adsorbed
amount of MnO; (min) and the activated carbon mass used (g) respectively.

Removal percentages (£) of manganese ions (MnO, ) on activated carbons are
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given by the relation:

E (%) =2 x100

sat

t.. is the saturation time (min).

2.5. Fixed-Bed Column Adsorption Mathematical Models

Thomas and Adams-Bohart models are the most widely used mathematical
models to describe the dynamic behavior of metallic pollutants in adsorption on
fixed bed columns. These models were applied to experimental data of break-
through curves obtained in our study. The pseudo-first and pseudo-second or-

der kinetic models, as well as the intraparticle diffusion model were also applied.

2.5.1. Thomas and Adams-Bohart Models

The Thomas model (1944) repeated by Saadi [24] assumes that external and in-
ternal diffusion limitations are not present during the fixed-bed column adsorp-
tion process, that the driving force follows the Langmuir isotherm and second-
order reversible reaction kinetics considering that the adsorption of pollutant is
not limited by the chemical reaction, but is controlled by mass transfer at the in-
terface.

The mathematical expression for this model is as follows:
C 1

Co 1+exp[krh-qu~mAc_kTh -co.t}

The linear form of this equation is:

|H(C£—1j: . .qleD. e —kry -Gy -t

0

where k7; (mL-min~'-mg™) is the Thomas model constant, g. (mg-g™) is the
theoretical adsorption capacity, muc is activated carbon mass (g), D is flow rate
(mL-min™), & is initial solution concentration (mg-L™), and C is residual (or
equilibrium) concentrations in outlet column (mg-L™).

The assumption on which based the Adams-Bohart model (1920) [24] is that
the rate of adsorption is proportional to both the concentration of the adsorbing
species and the residual capacity of the adsorbent and is only used for the de-
scription of the initial part of the breakthrough curve. The mathematic expres-

sion of this model is:

c h
C—:exp(kAB .CO .t_kAB . NO U—J

0 0

The linear form of this expression is:

0 0

C z
In(c—j:kAB -Cyt—Ku - N TR

where k45 is rate constant of Adams-Bohart model (L-min™-mg™), z (cm) is the
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bed depth, N, is maximum adsorption capacity per unit volume of adsorbent

column (mg-L™), and U} is the linear velocity of influent solution (cm-min™).

2.5.2. Pseudo First and Pseudo Second Order and Intraparticle Kinetic
Models

To evaluate the adsorption mechanism and the mode of transfer of solutes from
the liquid phase to the solid phase, the pseudo first order kinetic models devel-
oped by Lagergren [25], the pseudo second order developed by Blanchard and
linearized by Ho [26] [27] and the Weber and Morris model [28] were applied to
experimental data of MnO, breakthrough curves.
The expression of the rate law of a pseudo first order reaction is [29]:
da,

:k —
dt (3 - )

And by integration between ¢ = 0 and ¢ and at ¢; = 0 and g. We then obtain
the following linear form:

k
log (g, —0,)=logq, —Z—lg't

where ¢, and g. correspond to maximum adsorption capacities at time ¢ and
equilibrium (mg-g™') respectively, and 4 the adsorption rate constant of the
pseudo-first order kinetic model (min™).

The pseudo-second order model is given by the following relation [28]:

d
d—f=kz(qe—qt)z

And after integration between ¢= 0 and £ then when ¢, = 0 and ¢, we obtain
the following linear form:

= 1 +lt

I(2 ' qez Q.

o |~

where ¢; and ¢. correspond to maximum adsorption capacities at time t and
equilibrium (mg-g™') respectively, and k& the adsorption rate constant of the
pseudo-first order kinetic model (g-mg"-min™).

According to Webber and Morris [29], the kinetic expression of intraparticle

diffusion is described by:
g =k, -t +C,
k, is the intraparticle diffusion rate constant (mg-g~'-min"?) and C, intercept

of the curve. C; gives an indication of the thickness of the boundary layer and/
or adhesion to the surface [13] [29].

3. Results and Discussion
3.1. Characterizations of Prepared AC
Textural and chemical characteristics of prepared activated carbons (AC) were

evaluated. The textural study was performed by N, physisorption. To evaluate

the chemical properties, the pH at zero charge point (pHpzc) of ACs were deter-
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mined and the quantifications of the surface function groups were performed on
each adsorbent.

Figure 1 shows the N, adsorption/desorption isotherms obtained on prepared
activated carbons AC-600 and AC-400. These isotherms show the same profile.
A rapid adsorption was observed in the range of pressure ratio (P/F) between
0.0 - 0.3, followed by a plateau for P/ P, between 0.3 - 0.9.

Based on the IUPAC classification [30], the isotherms obtained are of type I.
these isotherms are characteristic of microporous materials. Also, they show
hysteresis loops of type H4, indicating slit shaped pores.

Table 1 presents the specific surface areas (Szzr) and total pore volumes of
studied adsorbents after exploitation of N, physisorption isotherms. The AC-400
adsorbent shows a Szzr (182.4 mg?-g™), a total pore volume (0.078 cm*g™) and a
microporous volume (0.073 cm?®g™) higher than those obtained with the pre-
pared activated carbon AC-600 (116.2 mg*g™, 0.049 cm*g™ and 0.043 cm?g!
respectively). It seems that in our experimental conditions, an increase of the
calcination temperature in the preparation of activated carbons ( Ziaicination > 400°C),
causes a loss of specific surface and pore volumes.

The mesoporous volumes obtained, for all prepared activated carbons (AC-600
and AC-400: 0.002 and 0.001 cm?®g™ respectively), are negligible compared to
those of microporous (Table 1). Then, the prepared activated carbons present

porous structures mainly consisting of microporous.

55 +
50 +

45 +

-©-AC-600
—&-AC-400

40 -

35 +

30

25

N, adsorbed volume (cm3g-1 STP)

20 : 1 : 1 : 1 : 1 : 1

0.0 0.2 0.4 PIP, 0.6 0.8 1.0

Figure 1. Isotherms of N physisorption obtained on prepared activated carbons
AC-600 and AC-400.

Table 1. Structural and chemical properties obtained on AC-600 and AC-400 adsorbents.

SBET Vhicro. Vineso. Viotal pore Basic functions Acidic functions (mmOI'g_l)
Adsorbents o s s s pHezc B
(m*g™)  (cm’g™)  (em’g™) (cm’g™) (mmol-g™) Total  Carboxyl  Lactone Phenol
AC-600 116.2 0.046 0.002 0.049 6.7 0.55 3.21 0.20 0.63 2.38
AC-400 182.4 0.073 0.001 0.078 4.9 0.25 3.45 0.35 0.75 2.35
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Figure 2 shows the curves obtained in the determination of the pH at zero
charge point (pHpzc) of AC-600 and AC-400 adsorbents. Results reveal that the
surface of AC-400 adsorbent is more acidic than that of AC-600 activated carbon.
Indeed, the pHpzc obtained on AC-400 (4.9) is higher than that of AC-600 (6.7).
The accessible surfaces or adsorption sites on AC-400 could interact more
strongly with the anionic species MnO, due to its acidic character. Chemical
type reactions (irreversible) can take place at the surface of this adsorbent during
the adsorption of MnO, ions.

10 +
9 T pHPZC=6'7
8 4
7 "
_ 6 -
©
£ 5 4
T
> 4T I & AC-600
31 pH,,=4.9 & AC-400
2 4
14+
0 t } f f f f : f : : " |
0 2 4 6 8 10 12
pH initial

Figure 2. Curves obtained for the determination of pHpzc of AC-600
and AC-400 adsorbents, using the acid-base titration method [20].

In addition, these results indicate that the surfaces of activated carbons is po-
sitively charged when the pH of the solution (pHy,) is less than their pHpzc and
is negatively charged when the pH is above their pHpzc [13]. Thus, interactions
between the surface of activated carbons and MnO, ions will be more impor-
tant at pHo < pHpyc for each adsorbent.

Results of the quantification of concentrations of surface functions of prepared
activated carbons are reported in Table 1. Based on these results, the amounts of
acidic function groups obtained on AC-600 and AC-400 are close (3.21 and 3.45
mmol-g™* respectively). Regardless of the prepared activated carbons, phenol func-
tional groups are in majority on the surface of adsorbents (Table 1). Lactone and
carboxylic acid functional groups appear to be in minority. Compared to amounts
of acidic function groups, the amounts of basic function groups obtained on
AC-600 and AC-400 (0.55 and 0.25 mmol-g™' respectively) are very low.

3.2. Fixed-Bed Column Dynamic Adsorption

Figure 3 shows the breakthrough curves of MnO, ions obtained on AC-400
and AC-600 adsorbents at 25°C. These breakthrough curves show a multi-step
adsorption mode (3 zones) in the form of staircase, with different adsorption
kinetics and diffusions according to form of slopes of each adsorption domain.
These curve profiles are similar to those obtained in a previously study [13]. On

the other hand, this phenomenon (multi-step adsorption mode) appears more
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visible on the AC-400 adsorbent with slow adsorption and/or diffusion rates
between the grains or on the surface of the solid. Also, the interactions between
MnO, ions and the AC structure seem to be stronger on the AC-400 adsorbent
based on the slopes of the different adsorption domains of the breakthrough
curve of this porous solid [13].

It seems that on this adsorbent we have a better distribution of adsorption
sites favorable to the removal of MnO, ions. This appears to be related to ad-
sorption surfaces (adsorption sites) that are available on AC-400. Indeed, the
surface area and pore volumes obtained on AC-400 are higher than those calcu-
lated on AC-600 (Table 1).

In addition in our operating conditions, the AC-400 bed appears to be the
most efficient in removing MnO, ions (Figure 3). The breakthrough and sa-
turation times obtained on AC-400 (25 and 500 min respectively) are higher
than those obtained on AC-600 (3 and 370 min respectively). The effect of ac-

cessible surfaces on AC-400 seems to be verified.

1 L
0.9 pu®
. OOO -.

0O
0.8 OOOOOO u
0.7 + |

0.6 ]
0.5 1©

cIc,

OAC-600
0.4 - L
0.3 [ ] EAC-400
0.2
0.1 ]
0 t } t } t } t } t }

0 100 200 300 400 500
time (min)

Figure 3. Breakthrough curves of MnO, ions obtained at 25°C on beds of

AC-400 and AC-600 adsorbents composed of particle size 0.01 < x < 0.04 (H
=0.5cm, D=3 mL-min™, G =50 mg-L" and pH = 3.5).

Table 2 summarizes, after exploitation of breakthrough curves data, the con-
tact time () of the flow rate of MnO, solution and the activated carbons bed,
the breakthrough and saturation times (% and . respectively), the adsorbed
amounts of MnO, ions (q.s) and saturation adsorption capacities (Qss), and
the removal percentages of MnO, ions of each adsorbent.

These results confirm the predictions of breakthrough curves. Indeed, the ad-
sorbed amounts, the adsorbed capacities at saturation and the elimination per-
centage of MnO, ions in acidic media obtained on the bed composed of
AC-400 (31.24 mg; 52.06 mg-g™* and 41.65% respectively) are higher compared
to those obtained with the AC-600 activated carbon (Table 2).

Since adsorption is a surface phenomenon, the more the surface areas are ac-

cessible, the more the adsorption capacities of MnO, ions in aqueous solution
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[13] [31] and, in consequence, the functional groups on the surface of activated
carbons will be important and more accessible. These surface function groups
characterized before, (carboxylic acid, lactone and phenol) can produce, by pro-
tonation in acidic aqueous solution, new adsorption sites favorable to MnQO, /
activated carbon structure interactions or to new adsorption sites [31], which
would increase the adsorption capacities of MnO, ions on AC beds in our ex-
perimental conditions.

Based on these results, the prepared activated carbon can be used in fixed bed
dynamic adsorption processes for the removal of MnO, ions from acidic aqueous

solution, in particular the AC-400 adsorbent whose bed shows a better efficiency.

Table 2. Results of the adsorption of MnO), ions in fixed-bed dynamics obtained at

25°C on beds of AC-400 and AC-600 adsorbents composed of particle size 0.01 < x < 0.04
(H=0.5cm, D=3 mL-min™', G =50 mg-L™" and pH = 3.5).

Adsorbents £ (s) fp (min) £ (min) Gads (M)  Qur (mg-g™!) E (%)

AC-400 25 500 31.24 52.06 41.65
45
AC-600 3 370 9.87 16.45 17.79

3.3. Breakthrough Curves Kinetic Modeling
3.3.1. Thomas and Adams-Bohart Models

In order to understand the phenomena and/or describe the dynamic behavior of
MnO, ions removal in adsorption on fixed bed columns, the Thomas model
[23] and Adams-Bohart model [32] were applied to the data of breakthrough
curves obtained on activated carbons studied.

Figure 4 and Figure 5 show the linear plots obtained after application of
Thomas and Adams-Bohart linear models on experimental data of breakthrough
curves of MnO, ions dynamic adsorption on AC-600 and AC-400 adsorbents.

Based on the results of both linear models, the Thomas model is the model
that is in good agreement with the experimental points (Figure 4 and Figure 5).
Indeed, the linear regression coefficients (R*) obtained with the Thomas model
(Table 3) are close to the unit, in particular on AC-600 activated carbon, where
the R* = 0.985. This is not the case for the Adams-Bohart linear model.

In addition, the maximum adsorption capacities calculated following the
Thomas model on AC-400 and AC-600 (48.988 and 20.063 mg-g™ respectively)
are close to experimental values (52.057 and 16.454 mg-g™'). In contrast, the
Adams-Bohart model predicts high adsorbed quantities at saturation (N,) on
AC-600 and AC-400 (Table 3).

The Thomas model can be used to describe, in our experimental conditions,
the mechanisms (diffusion, mass transfer, kinetics...), to characterize the beha-
vior of MnO, ions during the removal on AC-400 and AC-600 in dynamic
adsorption on fixed bed columns (reaction on the surface in particular) and to
predict breakthrough curves.

Thus, according to the Thomas model, the external and internal diffusion li-

DOI: 10.4236/0jic.2023.132002

34 Open Journal of Inorganic Chemistry


https://doi.org/10.4236/ojic.2023.132002

C. M. Mfoumou et al.

mitations are not present in our dynamic adsorption experiments on fixed bed

column of MnO; ions and so, the driving force follows the Langmuir isotherm

and reversible reaction kinetics, showing that, MnO, ions are not limited by

the chemical reaction, but are controlled by the mass transfer at the interface.

13 1
08 + OAC-600
BAC-400
0.3 +
N 0.2 T o) y =-0.006x + 1.273
G 0.7 T R2=0.967
g 12+ =
c -1.7 +
2.2 + y = -0.006x - 0.505
271 R2 =0.984
-3.2 —ttt——————————+—+
0 50 100 150 200 250 300 350
time (min)
Figure 4. Linear plots of Thomas model on experimental data (breakthrough
curves) of MnO, ions adsorption on AC-600 and AC-400 adsorbents.
-0.25 T
T (@)
-0.45 1 ® OAC-600
T y =0.019x - 0.902 _
0654 O R? = 0.893 EWAC-400
S |
g 085 T o
c i ]
T 105 1 .
i y = 0.006x - 1.607 |
-1.25 + R2=0.909
I |
-1.45 +—+—"—F—"4—+—+—+—+—+—+—+—+—+—+—+—+—+—+—++—+
0 10 20 30 40 50 60 70 80 90 100 110
time (min)

Figure 5. Linear plots of Adams-Bohart model on experimental data (breakthrough
curves) of MnO, ions adsorption on AC-600 and AC-400 adsorbents.

Table 3. Experimental Q. and parameters of Thomas and Adams-Bohart models of the dynamic adsorption on fixed-bed column

of MnO, ions on AC-600 and AC-400 adsorbents.

Thomas model

Adams-Bohart model

e, k Uo Mo
Adsorbents Qeerp ol Tb . R 0_ 0 ks . R
(mg-g’) (mgg!) (mL-mg!min’) (cm'min™') (mgL"') (mL-mg'min™)
AC-600 16.45 20.06 0.126 0.985 116.12 2.591 0.893
0.667
AC-400 52.06 48.99 0.130 0.967 72.86 7.353 0.909

DOI: 10.4236/0jic.2023.132002

35 Open Journal of Inorganic Chemistry


https://doi.org/10.4236/ojic.2023.132002

C. M. Mfoumou et al.

On the other hand, the rate constants of Thomas model (k7;) calculated for
AC-600 and AC-400 (0.126 and 0.130 mL-mg'-min™" respectively) are quite sim-
ilar. It seems that, whatever the adsorbent, in our experimental conditions, the
adsorption rate (or adsorption kinetics) of MnO, ions on prepared activated

carbons is not different.

3.3.2. Kinetic Models of Pseudo-First and Pseudo-Second Order
To identify kinetics that control the adsorption mechanism of MnO, ions on
studied activated carbons in our experimental conditions, pseudo-first and
pseudo-second order kinetic models were applied to experimental data from
breakthrough curves of MnO, ions.

Figure 6 and Figure 7 show the linear plots obtained after application of the
linear equation of these kinetic models on experimental data of breakthrough

curves.

175 OAC-600

15 B AC-400

1.25

S u
3 1 =
O —
g 1 y = -0.002x + 1.730
> 075 R2 = 0.985
05 1 y = -0.003x + 1.224
R? = 0.986
025 | o
0 + + + + + + + + + + + {
0 50 100 150 200 250 300

time (min)

Figure 6. Pseudo-first-order kinetic model applied to experimental
data (breakthrough curves) of MnO, ions adsorption on AC-600
and AC-400 adsorbents.

207 oAC-600 500
175+  WAC-400
15 4
a y = 0.050x + 5.279
o 12.5 1 R? = 0.909
€
> 10 -
£
E 75
2 54
25 1 y = 0.009x + 3.976
: R2 = 0.985
0 0———"F—F—+—+—+—+—F+—+F—+——+—
0 50 100 150 200 250 300

time (min)

Figure 7. Pseudo-second-order kinetic model applied to experimen-
tal data (breakthrough curves) of MnO; ions adsorption on AC-600
and AC-400 adsorbents.
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Based on linearization results, the pseudo first order kinetic model is in good
agreement with the experimental points. Also, error percentages between the
calculated and experimental equilibrium capacities (ge.cs and Q.ey. respectively)
obtained on AC-600 and AC-400 are about 3 and 2% (Table 4). Indeed, the g,
obtained on AC-600 and AC-400 (16.752 and 53.777 mg-g™* respectively) are
close to the Q.eyp. (16.454 and 52.057 mg-g™* respectively), contrary to results ob-
tained for pseudo-second-order model (Table 4). Moreover, the R* values ob-
tained for AC-600 and AC-400 (0.986 and 0.985 respectively) are close to 1.
These results are very different from those obtained by Nasser A. et al where

MnO, ions were adsorbed on porous solids in static mode [33].

Table 4. Experimental Q. and parameters values of pseudo-first and pseudo-second order kinetic models of the dynamic adsorp-
tion on fixed-bed column of MnO;, ions on AC-600 and AC-400 adsorbents.

Pseudo-first order Pseudo-second order
g s cal. k 4
Adsorbents Qe’exlj qm{ . 71 ~ R qe,ca{ ~ kz ~ ~
(mg-g™) (mg-g™) (min~!)-10* (mg-g™) (gomg'min~')-10~*
AC-600 16.45 16.75 58 0.986 19.84 4.81 0.909
AC-400 52.06 53.78 78 0.985 107.53 0.22 0.985

Thus, results obtained according to the Thomas model seem to be verified.
Rate constants (4;) obtained on AC-600 and AC-400 (0.0058 and 0.0078 min™!)
are almost similar and based on the pseudo first order kinetics model, the reac-
tions at the surface between MnO, ions and adsorption sites are more reversi-
ble (physisorption).

On the other hand, chemical reactions, in our experimental conditions, are
not excluded on the surface of activated carbons studied. According to the re-
sults of the pseudo-second order kinetic model, the adsorption of MnO; ions,
in particular on the AC-400 bed, follows this model. Indeed, the experimental
points are in agreement with the model (Figure 7) and the R* value obtained
(0.985) is similar to that obtained with the pseudo first order kinetic model
(Table 4). It appears thus that on the bed of activated carbons studied, chemical
reactions (chemisorption) between MnO, ions and the surface of the adsor-
bents exist also in our experimental conditions.

However, the pseudo-first order kinetic model is the model that best describes
the adsorption of MnOj; ions from acidic aqueous solutions in fixed bed col-

umn dynamics on activated carbons studied.

3.3.3. Intraparticle Kinetic Model

The intraparticle kinetics model was applied to the experimental data of MnO,

ions breakthrough curves to evaluate the diffusion phenomenon that controls

the adsorption of MnO, ions on activated carbon beds studied (Figure 8).
Based on the linear plot results obtained, the plots do not intersect through

the origin (C; # 0). This implies that intraparticle diffusion is involved in the

adsorption mechanism of MnO), ions on investigated adsorbents and is not the
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limiting step and the only process controlling MnO, ions adsorption in our

experimental conditions [13] [34].

60 T
{ Y, = 3.2046X, - 11.215
50 T OAC-600
22=0.996
T m AC-400 R
40 +
H’I'\ 41
> 30t y = 0.9815x, - 1.311
E Ty, =10398x, -009714
& 20 + r12=0.996
12=0.976
10 -
0 - i

0 2 4 6 8 10 12 14 16 18 20
time2 (mint72)

Figure 8. Intraparticle kinetic model applied to experimental data from the
study of the adsorption of MnO, ions on AC-600 and AC-400 adsorbents.

In contrast to AC-400, with the AC-600 adsorbent, we obtain a slope with a
coefficient of linear regression R = 0.997 close to 1. This result reveals that
intraparticle diffusion on the AC-600 bed plays an important role in the adsorp-
tion mechanism of MnO; ions. On the other hand, the two (2) linear domains
obtained on AC-400 show that on this adsorbent, we have a multi-stage adsorp-
tion as indicated on the breakthrough curves. Similar results were observed in a
recent study [13].

The value of the intraparticle diffusion rate constant (k, ) obtained on
AC-400 (1.039 mg-min~"%g™") is comparable to that obtained on AC-600 (0.982
mg-min~?.g™). It seems that in this first linear (or adsorption) domain of
AC-400, the diffusion rate of MnQO, ions in the porosity (or between the pores)
is the same as on AC-600. The comparable microporous structures of studied
adsorbents seem to be related to this result.

The intercept curve C; (Table 5) represents the thickness of the boundary
layer and greater the C;value, greater the contribution to surface adhesion in the
speed limit step [31]. Comparing the value obtained on AC-400 from the second
linear domain with that of the adsorbent AC-600, it appears that the adherence
of MnO, ions to the surface of AC-400 is about 11 times higher. It seems that
the acidic character of AC-400 whose pHpzc = 4.9 based on the results in Table 1,
is related to this result. The MnO, ions interact more strongly with the struc-
ture of the prepared activated carbon AC-400 in acidic media. The hypothesis of
chemisorption between the MnO, ions and the structure of this adsorbent
(adsorption sites) appears more obvious.

However, the C; values obtained on the activated carbons studied are relative-
ly high, this confirm the fact that intraparticle diffusion is not the limiting step
and rather that surface adsorption plays a predominant role in the adsorption of

MnO, ions on activated carbons studied in acidic media.
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Table 5. Parameters of intraparticle kinetic model of the dynamic adsorption on fixed-bed
column of MnO, ions on AC-600 and AC-400 adsorbents.

Region 1 Region 2
k k
Adsorbents o Cy, R? i Cy, R
mg,min—l/z_g—l) (mg,min—l/z_g—l)
AC-600 0.982 1.311 0.997 - - -
AC-400 1.039 0.971 0.976 3.205 11.215 0.996

4. Conclusions

The objective of the work was to investigate the dynamic fixed-bed adsorption of

MnO, ions on activated carbons prepared from palm nuts and activated at 400
and 600°C (AC-400 and AC-600 respectively). Prepared adsorbents were cha-
racterized texturally and chemically.

Textural characterizations by nitrogen (N,) physisorption showed materials
with mainly microporous structures. However, it appears that in our experi-
mental conditions, an increase of the calcination temperature in the preparation
of activated carbons ( Zuicination > 400°C), causes to a loss of specific surface and
pore volumes.

Results of experiments on the adsorption of MnO, ions in fixed-bed dy-
namics obtained on beds of AC-400 and AC-600 adsorbents indicate that the
AC-400 bed appears to be the most efficient in removing MnO;, ions in acidic
media. The adsorbed amounts, the adsorbed capacities at saturation and the eli-
mination percentage of MnO, ions obtained on the bed containing AC-400
(31.24 mg; 52.06 mg-g~' and 41.65% respectively) are higher compared to those
obtained on the AC-600 activated carbons (9.87 mg; 16.45 mg-g™ and 17.79%
respectively).

Study of the breakthrough curves kinetic modeling reveals that the Thomas
model and the pseudo-first-order kinetic model are the most suitable models to
describe the adsorption of MnO; ions on the adsorbents studied in our expe-
rimental conditions. The results of the intraparticle diffusion model reveal that
intraparticle diffusion is involved in the adsorption mechanism of MnO; ions
on investigated adsorbents and is not the limiting step and the only process con-
trolling MnO, ions adsorption. In contrast to AC-400, on the AC-600 adsor-
bent we obtain a slope with a coefficient of linear regression close to 1. This re-
sult reveals that intraparticle diffusion on the AC-600 bed plays an important
role in the adsorption mechanism of MnO, ions.

Based on these results, the prepared activated carbon can be used in fixed bed
dynamic adsorption processes for the removal of MnO, ions from acidic
aqueous solution, in particular the AC-400 adsorbent whose bed shows a better
efficiency.
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