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ABSTRACT

This study was conducted to analyse the biosorption of manganese(II) from aqueous solutions
by rice husk ash (RHA) in a continuous packed column reactor. Different column parameters
were used, such as influent Mn(II) concentration, bed height and flow rate. The results
showed that the equilibrium adsorption (mg g−1) has increased after increasing the influent
Mn(II) concentration but decreased when increasing the flow rate and the bed height. When
the influent Mn(II) concentration was expanded from 5 to 20 mg l−1 at a fixed bed height and
flow rate, then Mn(II) uptake also expanded from 2.73 to 4.76 mg g−1. Similarly, by increasing
the bed height from 7.5 to 22.5 cm and flow rate from 5 to 15 ml min−1, the adsorption capac-
ity of Mn(II) decreased from 7.57 to 2.97 mg g−1 and 3.61 to 1.90 mg g−1, respectively. In addi-
tion, several empirical models such as Adams–Bohart, Wolborska, Thomas and Yoon–Nelson
models were used in this study to investigate the breakthrough curves in a simple way. The
best fitting was obtained with Adams–Bohart and Wolborska models which showed high
degree of fitting (r2 ≥ 0.82). So Bohart–Adams and Wolborska models were the most suitable
to estimate breakthrough curves obtained under varying experimental conditions.

Keywords: Biosorption; Packed column reactor; Rice husk ash; Manganese(II) ions;
Breakthrough curve

1. Introduction

In recent era, surging industrial activities caused
more environmental problems, such as ecosystems
degradation leading to the accumulation of pollutants
just like heavy metals [1]. Heavy metals are very toxic
water pollutants and can cause damage to humans by
entering in food pyramid [2]. Moreover, large number

of industrial emissions contains heavy metals, such as
nonferrous metal smelting, mining operations, tanner-
ies, chemical materials and chemical products manu-
facturing, which may cause fresh and marine water
pollution [3,4]. Among various heavy metals, the Mn
(II) ions were mainly existed in ground water and
some other water which were collected from the bot-
tom anoxic zones of reservoirs [5]. Though Mn(II) in
surface waters was a trace element, the accumulation
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of manganese ions was not only toxic to fish and
humans but also affect the drinking water quality seri-
ously [6,7]. For example, the oxide which was formed
and deposited in drinking water pipeline caused high
concentrations of Mn(II) in drinking water than the
standards, which resulted in discolouration and
unpleasant metallic taste of water [8,9]. According to
US Environmental Protection Agency (EPA), maxi-
mum contaminant level of Mn(II) in drinking water
was 0.1 mg l−1 [10]. Nowadays, many techniques such
as filtration, precipitation, ion exchange, adsorption,
oxide reduction and reverse osmosis are being used to
remove different heavy metal from water [11]. But the
adsorption technique is high efficiency, low cost and
user-friendly for the removal of heavy metal. This pro-
cess seemed to be the most versatile and effective
method for removal of heavy metals if coupled with
appropriate regeneration steps and available adsor-
bent. Many studies were carried out on agricultural
waste materials such as polymerized onion skin [12],
rice husks, maize cobs and sawdust [13], rice bran
[14], wheat shell and papaya wood [15] to investigate
their effects on binding of heavy metal ions. Rice husk
was a kind of high-yield agriculture waste obtained
from the rice mills. It was mainly used as a fuel in
boiler steam production of various industries. Since
RHA was available in plenty and it has very high
potential as an adsorbent, the present study has been
undertaken to report in the surface characteristics of
RHA and the static adsorption characteristics for Cu
(II), Fe(II), Mn(II) [16], Hg(II) [17], Pb(II) [18], Cd(II),
Ni(II) and Zn(II) [19] ions from aqueous solutions. It
needed more consideration to study the dynamic
adsorption experiments for practical application. The
main objectives of current study was to analyse the
adsorption of Mn(II) by RHA from an aqueous solu-
tion by a continuous flow reactor. To examine the
effects of adsorption parameters such as influent metal
concentration, flow rate and adsorbent dosage. In
addition, several theoretical models were used to anal-
yse the breakthrough curves.

2. Materials and methods

2.1. Adsorbent preparation from highly active rice husk ash

The rice husk ash (RHA) was collected from Hei-
longjiang Province Shangzhi surrounding Rice mill.
The preparation of highly active RHA consisted of
two steps. The first step was at 350˚C, volatiles began
to burn. From 400 to 500˚C, organic matter decomposi-
tion and carbonized completely. The second step was
under suitable combustion temperature about 530–
600˚C, to carbonize RHA and get the large specific

surface area of RHA, finally meet the requirements to
adsorb metal ions.

2.2. Mn(II) adsorption experiments in a packed column

The study was carried out in a Perspex column
with an inner diameter of 3.0 cm and a height of
30.0 cm. The metal solution was passed through the
column in the downstream flow direction with the
help of a miniature peristaltic pump (model BQ50–1 J,
China). The flow rate of the inlet was controlled by
glass rotameter. The initial concentration of Mn(II)
were taken as 5, 10 and 20 mg l−1 at a constant bed
height 22.5 cm, and flow rate. Experiments were also
conducted with bed heights of 7.5, 15 and 22.5 cm,
keeping initial Mn(II) concentration of 10 mg l−1 and
flow rate of 10 ml min−1. Moreover, the effect of flow
rates of 5, 10 and 15 ml min−1 were observed with the
bed height of 22.5 cm and initial Mn(II) concentration
of 10 mg l−1 at 25˚C. In all cases, the initial pH of the
solution was adjusted to 5.0 because a preliminary
screening showed this value of pH not only could pre-
vent valence change of Mn(II), but also prevent exces-
sive pH to cause the generation of hydroxide
precipitate. The BET surface area, total pore volume
and the average pore of RHA were showed in Table 1.
The effluent was collected at different periods of time
(5, 10, 15, 20, 30, 40, 60, 80, 120 min, then sample was
taken after every 40 min until adsorption saturation).
Mn(II) concentration of the solutions were determined
using plasmaoptical emission spectrometry (ICP-OES,
PerkinElmer DV5300). Fourier transform infrared
(FT-IR) spectrometer (Spectrum one B, Perkin Elmer)
was used to analyse spectra recorded at 400–4,000 cm−1

which were emitted by each adsorbent prepared as KBr
discs. All experimental data were displayed in the form
of breakthrough curves.

2.3. BET surface area and pore structure

The surface area and pore structure characteriza-
tion results of RHA are shown in Table 1. RHA had
the large surface area, numerous studies had shown
that RHA was a porous material containing a large
amount of silicon and had a large specific surface
area. The value of BET specific surface area is in the
range of 50–100 m2 g−1 measured by N2 adsorption.
The specific surface area of RHA is 58.3863 m2 g−1, in
the range of 50 and 100 m2 g−1. The total pore volume
and the average pore diameter of RHA reached
0.0402 cm3 g−1 and 27.5068 Å. A large specific surface
area and pore structure provide a greater chance of
combination between RHA and heavy metal ions.
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2.4. Experimental data analysis

The breakthrough curves were usually represented
by plotting Ct/C0 vs. the reaction time under various
conditions. Ct and C0 were the Mn(II) concentration
(mg l−1) of effluent and influent, respectively.

The total column adsorption capacity, qtotal (mg)
was calculated using Eq. (1) as follows:

qtotal ¼
ðC0 � CtÞ � ttotal � Q

1000
¼ ðC0 � CtÞ � Vs (1)

where ttotal, Q and Vs are the saturation time of the
column (min), flow rate (ml min−1) and the total vol-
ume (l) of effluent stored till saturation, respectively.
Adsorbed Mn(II) concentration CMn (CMn = C0－Ct).

Mn(II) adsorption at saturation by per unit weight
of the RHA packed in the column, qs (mg g−1), was
calculated using Eq. (2):

qs ¼
qtotal
M

(2)

where M was the total dry weight (g) of RHA packed
in the column.

The total amount of Mn(II) ions (Mtotal) supplied
to the column till saturation was calculated from
Eq. (3):

Mtotal ¼ C0 Q ttotal
1000

3

Total percentage removal (%) of Mn(II) ions was
calculated according to Eq. (4):

Percentage removal ð%Þ ¼ qtotal
Mtotal

� 100 (4)

2.5. Theoretical models for the modelling of breakthrough
curves

Bohart–Adams, Wolborska, Thomas and Yoon–
Nelson models were applied to analyse the break-
through curves. These models are briefly described
below.

2.5.1. The Bohart–Adams model

Bohart and Adams (1920) developed a very simple
equation for analysing the chlorine-charcoal transmis-
sion curve. This model has been successfully used in
predicting breakthrough curves and optimizing the
parameters for metal adsorption [20–24]. The basic
form of the model is shown by Eq. (5):

Ct

C0
¼ exp kBA Cit� kBAN0

H

W

� �
(5)

where C0 and Ct were influent metal concentration
and effluent metal concentration, respectively, kBA was
the kinetic constant (l mg−1 min−1), W was the flow
rate (cm min−1), H was the bed height of column (cm)
and N0 was the saturation concentration (mg l−1) of
column. The parameters kBA and N0 of Bohart–Adams
model were evaluated by fitting Eq. (1) to the
experimental breakthrough curve using the nonlinear
regression method.

2.5.2. Wolborska model

Wolborska and Pustelnik (1996) analysed the
adsorption of p-nitrophenol on activated carbon and
developed a model to describe the breakthrough
curves. It can be expressed as Eq. (6):

Ct

C0
¼ exp

ha C0t

N0
� haH

W

� �
(6)

where θa was kinetic diffusion coefficient (h−1).
Whenever the parameter kBA = θa/N0 then the
Wolborska and Bohart–Adams model were equivalent.

2.5.3. The Thomas model

The Thomas model was another one frequently
used to estimate the adsorptive capacity of metal
adsorbent and describe breakthrough curves
[23,25,26]. The Thomas model is described by Eq. (7):

Ct

C0
¼ 1

1 þ exp kTh q0 M
F � kTh t

� � (7)

Table 1
Parameters of pore structure of the RHA

Parameter BET surface area/(m2 g−1) The total pore volume/(cm3 g−1) The average pore diameter/(Å)

RHA 58.3863 0.0402 27.5068
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where kTh was the Thomas rate constant (l mg−1 h−1),
q0 denoted the equilibrium metal adsorption (mg g−1),
Ct and C0 were effluent metal concentration and influ-
ent metal concentration (mg l−1), M was the amount of
RHA in fixed bed (g) and F was the flow rate
(ml min−1).

2.5.4. The Yoon–Nelson model

The Yoon–Nelson model not only has extremely
concise form than other three models, but also
requires no detailed data concerning the characters of
adsorbate and adsorbent, as well as the parameters of
the fixed bed [27]. It expressed through Eq. (8):

Ct

C0
¼ exp kYh t� s kYhð Þ

1 þ exp kYh t� s kYhð Þ (8)

where kYN was the Yoon–Nelson model rate constant
and τ was the time required for 50% adsorbate
breakthrough (h).

All models were fitted into the experimental break-
through curves using nonlinear regression method,
and their applicability for evaluation based on r2 and
the standard error of the parameters of these models.

3. Results and discussion

3.1. FT-IR spectra

The FT-IR technique, as an important tool to iden-
tify the characteristic of functional groups, can be used
to investigate the chemical compositions of the adsor-
bents material, which are very important for the
adsorption of metal ions. The FT-IR spectra of the
RHA were shown in Fig. 1. The wave number range
of FT-IR spectrum is from 400 to 4,000 cm−1. Accord-
ing to Fig. 1, after adsorption of Mn(II), the stretching
vibration of bounded hydroxyl group transferred from
3,445.09 to 3,423.17 cm−1, this illustrated the –OH
groups exist in the surface of the RHA occurred chem-
ical reactions with metal ions [28,29]. The peak at
1,096.68 cm−1 transferred to 1,094.65 cm−1 was attribu-
ted to stretching vibration of ether. The peaks
observed at 793.43 cm−1 can be assigned to the C–H
group, and transferred to 787.51 cm−1. These results
indicated that the ether and aromatic hydrocarbons
functional groups on RHA surface occurred ions
exchange with Mn(II). O–Si–O bending vibration
transferred from 466.94 cm−1 to the 469.67 cm−1 after
the adsorption of Mn(II). The presence of these func-
tional groups not only proved the main component of
RHA is Si, C, O, but also proved these functional

groups may react with the metal ion as complexation
[30], which also explained the functional groups onto
adsorbent surface played a big role in the heavy metal
adsorption process. In addition to the chemical inter-
action between the RHA and functional groups, the
large surface area of RHA also provides a greater
chance of combination between RHA and heavy metal
ions.

3.2. Breakthrough curves in relation to influent Mn(II) ions
concentration

The effect of influent Mn(II) ions concentration
(from 5 to 20 mg l−1) on the breakthrough curves
using a bed height of 22.5 cm at a constant flow rate
of 10 ml min−1 are shown in Fig. 2. Table 2 showed
that the breakthrough time and saturation time
decreased from 14.3 to 4.7 h, 11.9 to 5.2 h, respectively,
for the influent Mn(II) ions concentration increased
from 5 to 20 mg l−1. These results led to the conclusion
that the breakthrough time and saturation time
decreased after increasing initial Mn(II) ions concen-
tration. In addition, the breakthrough volume and sat-
uration volume of Mn(II) solution also higher at lower
influent concentration of Mn(II) ions than that at a
higher Mn(II) ions concentration. In contrast, the shar-
per breakthrough curves were obtained at higher
influent Mn(II) ions concentration than at lower influ-
ent Mn(II) ions concentration. This result showed that
a high influent concentration saturated the RHA more
quickly, and the breakthrough was reached before all
the active sites of the adsorbent were occupied by the
metal ions [25]. Luo et al. have also found the rose in
the inlet metal concentration reduced the treated vol-
ume before the rice husk fixed bed adsorption gets

Fig. 1. FT-IR spectrum of RHA before and after adsorption
of Mn(II): (a) unloaded RHA and (b) Mn(II)-loaded RHA.
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saturated, a high Cu(II) concentration may saturate
the rice husk more quickly [31]. Sugashini and Begum
observed that the breakthrough time and exhaustion
time were occurred slowly at lower influent Cr(VI) ion
concentration and also the treated volume of Cr(VI)
ions also larger at low influent concentration of Cr(VI)
ion [32]. All these results showed that breakthrough
time decreased by increasing influent Mn(II) ions con-
centration. The efficiency of the treatment process to
reach the saturation could be measured by the steep-
ness of curve, the steeper the curve, the better adsorp-
tion performance. A high influent concentration
caused a high driving force for the adsorption process
and this might explain why higher adsorption capaci-
ties were attained in the column filled with a higher
Mn(II) concentration.

3.3. Breakthrough curves in relation to bed height

The breakthrough curves on adsorption of Mn(II)
was investigated for various bed height from 7.5 to
22.5 cm at influent Mn(II) ions concentration of
10 mg l−1, flow rate of 10 ml min−1 are shown in
Fig. 3. Table 2 depicted clearly that the breakthrough
time and saturation time were increased from 2.0 to
8.0 h, 4.7 to 11.3 h, respectively, and the bed height
was increased from 7.5 to 22.5 cm. The shape and the
gradient of the breakthrough curves were changed by
altering the bed height, because column had a larger
amount of biosorbent and provided a greater number
of sites for the binding of metal ions, which resulted
longer time for reaching breakthrough and saturation.
Therefore, higher bed height could treat larger amount
of metal solution. Luo et al. have found an increase in
breakthrough time from 3 to 6.6 h by increasing the

adsorbent dosage from 5 to 15 g for an expanding rice
husk fixed bed column [31]. Lodeiro et al. have
observed the saturation of a protonated Sargassum
muticum column in 20, 35 and 56 h, respectively, for
7.4, 13 and 16.6 cm bed height [33]. It was empirical
that the breakthrough time and equilibrium time were
increased with increase in bed height [34,35]. The
slope of the breakthrough curve for larger bed height
was lower than that of a smaller bed height. For a
greater bed height, especially at lower liquid flow
rates, although metal adsorption per unit biomass did
not increase, but larger volume of the metal solution
could be treated, and a higher percentage of metal
ions could be removed.

3.4. Breakthrough curves in relation to flow rate

The flow rate was a very important parameter
affecting the breakthrough curves because it deter-
mined the contact period of the adsorbate with the
adsorbent in the column. Breakthrough curves for the
adsorption of Mn(II) by the RHA-packed column in
relation to various flow rate from 5 to 15 ml min−1, the
influent Mn(II) concentration was kept constant at
10 mg l−1 and the bed height was 22.5 cm are given in
Fig. 1. The breakthrough time and saturation time
decreased from 14.7 to 2.7 h, 25.7 to 7.3 h, respectively,
for the flow rate increases from 5 to 15 ml min−1

(Table 2). This result demonstrates that the break-
through and saturation time decreased with increasing
influent flow rate at a fixed bed height. The result of a
short breakthrough time at high flow rate of metal
solution have been previously reported by other
researchers [36,37]. For instance, Sugashini and Begum
investigated the Cr(VI) removal performance of
ozone-treated rice husk carbon-packed bed at flow
rate of 5–25 ml min−1 [38]. They observed that break-
through time and saturation time were the longest at
5 ml min−1 and the shortest at 25 ml min−1. Luo et al.
studied that breakthrough time for an expanding rice
husk fixed bed column decreased from 12.8 to 3.4 h at
the increasing flow rate from 5 to 25 ml min−1 [31].
Han et al. also reported the breakthrough time reach-
ing saturation has increased dramatically with
decrease in flow rate from 10.0 to 5.45 ml min−1 [39].
Although the breakthrough time, saturation time and
sharpness of the curve was affected by flow rate, the
saturation uptake capacity of the column (the amount
of metal per unit of adsorbent, mg g−1) was not con-
siderably influenced for Mn(II) (Table 2). It seemed
that a high flow rate loaded a large number of metal
ions into the column in a very short period of time,
resulted in saturation of all the vacant metal-binding
sites of the biosorbent. Mainly due to the higher flow

Table 2
Adsorption of Mn(II) ion at various experimental
parameters by the RHA-packed column

C0 H F tb Vb ts Vs qb qs % PR

5 22.5 10 14.3 8.6 19.8 11.9 1.79 2.73 96.59
10 22.5 10 8 4.8 11.3 6.8 1.82 2.97 91.95
20 22.5 10 4.7 2.8 8.7 5.2 2.26 4.76 96.36
10 22.5 5 14.7 4.4 25.7 7.7 3.61 7.01 95.83
10 22.5 15 2.7 2.4 7.3 6.6 1.9 5.89 93.94
10 7.5 10 2 1.2 4.7 2.8 2.87 7.57 94.86
10 15.0 10 3.3 2 6 3.6 2.41 4.84 94.35

Notes: C0 = influent concentration (mg l−1), F = Flow rate

(ml min−1), H = Bed height (cm), tb = breakthrough time (h),

Vb = breakthrough volume (l), ts = saturation time (h), Vs = satu-

ration volume (l), qb = adsorption at breakthrough point (mg g−1),

qs = adsorption at saturation point (mg g−1) and % PR = total per-

centage removal (%) of Mn(II) ions at saturation.
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rate of metal ions, the residence time of the metal ion
in the column was not long enough to obtain the
adsorption equilibrium. The metal ions solution might
leave the column before the achievement of the
equilibrium.

3.5. Modeling of breakthrough curves

The Adams–Bohart and Wolborska models are dis-
cussed under the same section of the breakthrough

curves because of the same linear relationship between
them and also the direct relation between their con-
stants. A linear relationship between Ct/C0 and time
for various experimental conditions were obtained. In
the beginning stages of the experiment, the Bohart–
Adams and Wolborska models were fitted to the full
part of the breakthrough curves of Figs. 1–3, repre-
senting adsorption process of Mn(II) under various
experimental conditions. The two models fitted well to

Table 3
Predicted parameters of Bohart–Adams and Wolborska
models for the adsorption of Mn(II) by the RHA-packed
column

Experimental
settings Bohart–Adams model

Wolborska
model

Ci F H kBA N0 r2 θa r2

5 10 22.5 20.5 × 10−3 11.17 0.82 0.23 0.82
10 10 22.5 18.1 × 10−3 14.37 0.90 0.26 0.90
20 10 22.5 14.9 × 10−3 23.40 0.96 0.35 0.96
20 5 22.5 6.3 × 10−3 25.33 0.93 0.16 0.93
20 15 22.5 14.2 × 10−3 20.30 0.94 0.29 0.94
20 10 7.5 17.7 × 10−3 19.43 0.93 0.34 0.93
20 10 15.0 15.8 × 10−3 21.92 0.94 0.35 0.94

Notes: Data in parentheses show standard error of model parame-

ter estimation. Ci = influent metal concentration (mg l−1), F = flow

rate (ml min−1), H = Bed height (cm), kBA = Bohart–Adams rate

constant (1 mg−1 h−1), N0 = saturation concentration (mg l−1), and

θa = kinetic coefficient of the external mass transfer (1 h−1).

Table 4
Predicted parameters of Thomas and Yoon–Nelson models
for the adsorption of Mn(II) by the RHA-packed column

Experimental
settings Thomas Yoon–Nelson

Ci F H kTH q0 r2 KYN τ r2

5 10 22.5 0.035 53.7 0.59 0.18 24.2 0.59
10 10 22.5 0.029 74.2 0.78 0.29 14.4 0.78
20 10 22.5 0.031 93.6 0.87 0.46 14.0 0.87
20 5 22.5 0.010 135.8 0.80 0.19 30.6 0.80
20 15 22.5 0.024 154.8 0.89 0.48 11.6 0.89
20 10 7.5 0.030 252.4 0.90 0.60 9.5 0.90
20 10 15.0 0.017 239.5 0.93 0.35 18.0 0.93

Notes: Data in parentheses show standard error of model parame-

ter estimation. Ci = influent metal concentration (mg l−1), F = flow

rate (ml min−1), H = Bed height (cm), kTH = Thomas rate constant

(1 mg−1 h−1), q0 = equilibrium metal sorption (mg g−1),

kYN = Yoon–Nelson rate constant (1 h−1), τ = the time required for

50% adsorbate breakthrough (h).

Fig. 2. Experimental breakthrough curves for the
adsorption of Mn(II) by the RHA-packed column at
different influent metal concentrations.

Fig. 3. Experimental breakthrough curves for the
adsorption of Mn(II) by the RHA-packed column at
different adsorbent dosages.
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the breakthrough curves (r2 > 0.82) obtained for the
adsorption of Mn(II) by the RHA-packed column
under different experimental conditions. Respective
values of N0, kAB and θa calculated from the plots of
Ct/C0 vs. time for all experimental conditions are
summarized in Table 3 along with corresponding cor-
relation coefficients. Parameters of the two models

suggested some important points regarding column
operation. With the increase in the influent Mn(II) con-
centration and bed height, the saturation concentration
(N0) of column also increased but decreased by
increasing flow rate. On contrary, with the increase in
the influent Mn(II) concentration and bed height, the
saturation concentration (N0) of column decreased, but
increased with the increasing flow rate (Table 3).
Therefore, for better saturation concentration (N0) and
kinetic constant (kBA) of the column, influence factors
of influent Mn(II) concentration and bed height should
be higher, but flow rate needed to reduce. The kinetic
coefficient of the external mass transfer (θa) of the
Wolborska model did not show a precise trend but
varied from 0.16 to 0.35, for Mn(II) under various
experimental conditions.

The Thomas and Yoon–Nelson models fitted to the
breakthrough curves (r2 ≥ 0.59) obtained for the
adsorption of Mn(II) by the RHA-packed column
under different experimental conditions (Table 4).
Unlike Bohart–Adams and Wolborska models, these
two models fitted well to the breakthrough curves
(r2 ≥ 0.82) given in Figs. 2–4. These two models
showed poor fitness in predicting the breakthrough
curves of Mn(II) adsorption by the RHA-packed col-
umn. The values of different parameters of the two
models were determined using Eqs. (7) and (8) apply-
ing the non-linear regression method (Table 4). The
Thomas model predicted equilibrium adsorption

Fig. 4. Experimental breakthrough curves for the
adsorption of Mn(II) by the RHA-packed column at
different flow rates.

Table 5
Adsorption capacities for Mn(II) ions of various adsorbents

Serial
no. Adsorbents

Adsorption
capacity (mg/g)

Concentration
range (mg/L) pH

Temp.
Range (K) Refs.

1 Pithacelobium dulce carbon 7.0 5–25 7 – [40]
2 Manganese oxide coated

zeolite
1.1 25–600 6 298 [41]

3 Mesoporous carbons 40 20–200 7 298 [42]
4 Cationic surfactant

cetyltrimethyl ammonium
bromide-modified mesoporous
carbon (CTAB–MC)

43 20–200 7 298 [42]

5 Anionic surfactant sodium
dodecyl sulphate-modified
mesoporous carbon (SDS–MC)

47 20–200 7 298 [42]

6 Activated carbon from Ziziphus
spina-christi seeds

172.41 20–140 4 298–313 [43]

7 Thermally decomposed leaf 66.57 25–1,200 7.3 278–328 [44]
8 Pseudomonas sp. 109 50–500 6 288–318 [45]
9 Crab shell particles 69.9 10–1,000 6 296 [46]
10 Rice husk ash 7.57 5–20 6 298 Present

study
Mn(II)
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quantity, q0, was higher at higher influent Mn(II) con-
centration, longer bed height and lower flow rates.
However, the Thomas kinetic constant was usually
higher at lower influent Mn(II) concentration, lower
bed height and higher flow rate. The Yoon–Nelson
model rate constant generally increased with increas-
ing influent metal concentration and flow rate, but it
decreased with increasing bed height. The Yoon–Nel-
son constant, value of τ, expressing the time required
for 50% breakthrough, decreased with increasing influ-
ent metal concentration and flow rates, nevertheless,
increased with increasing bed height. The value of τ
calculated from the model equation better matched
the experimental data of various experimental condi-
tions (Figs. 2–4 and Table 4). However, as Thomas
and Yoon–Nelson models showed a low fit to the
experimental data, so these two models were consid-
ered as unsuitable kinetic models to describe Mn(II)
adsorption in a fixed bed of RHA.

3.6. Comparison study

The maximum amount of Mn(II) ions from aqueous
solutions onto RHA was compared with other adsor-
bents reported in literature was present in Table 5. It
can be seen that maximum adsorptive capacities for
Mn(II) ions were different for various materials used.
Metal ion concentration, pH, and temperature have a
certain influence on the adsorption capacity.

4. Conclusions

RHA-packed column showed promising capability
of adsorbing metal ions from aqueous systems. Break-
through and saturation time of the column largely
depended on influent Mn(II) concentration, flow rate
and bed height. Saturation time of the column was
longer when Mn(II) concentration and flow rate were
lower, but the higher the bed height, the longer the
running time. The maximum adsorption percentage
was 96.59 when Mn(II) concentration was 5 mg L−1,
flow rate was 10 mL min−1 and the bed height was
22.5 cm. Bohart–Adams and Wolborska models were
found to be the most suitable to estimate break-
through curves obtained under varying experimental
conditions. As other adsorbents, RHA need recycle.
RHA is an effective and alternative material for the
removal of Mn(II) ions from waste water because of
its high biosorption capacity, abundant availability
and cost-effectiveness. So it could be used to removal
other heavy metal ions in the future. Future research
should focus on the adsorption characteristics of the
coexistence of multiple ions condition.
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