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Abstract−Biomagnetic material (MFC) was synthesized via simple co-precipitation and used as biosorbent for the
removal of acid red 25 (AR25) under optimized conditions. The characteristics of MFC were studied using X-ray dif-
fraction (XRD), Fourier transform infrared spectroscopy (FTIR), vibrating sample magnetometer (VSM), Boehm titra-
tion and scanning electron microscopy (SEM). Optimum removal of AR25 was achieved at pH=5.0. The equilibrium
data were well described by the Sips and Freundlich models. Taguchi methodology was employed to optimize the bio-
sorption experiments. 411.56 mg/g and 96.8% were obtained as the biosorption capacity and removal efficiency, respec-
tively, at the optimum conditions of ionic strength (0.5 M), influent volume (300 L) and MFC dosage (4 g). The contact
time for removal of 96% AR25 in two-stage batch system is 400.8 min which is lower than the single-stage treatment
process (895 min).

Keywords: Biosorption Optimization, Ferula Communis, Taguchi Methodology, Two-stage Batch Sorber, Kinetics,
Acidic Dyes

INTRODUCTION

Yearly, tons of heavily colored wastewater are released from var-
ious sources including leather, printing, textile, plastic and dye fac-
tories [1-6]. It is highly important to treat the colored hazardous
effluents as they serve as threat to human beings and aquatic spe-
cies. AR25 is one of the significant dyes that can initiate ecological
problems due to its potential to reduce dissolved oxygen and sun-
light penetration [7,8]. For these reasons, the removal of AR25 is
mandatory for environmental protection and public health. Vary-
ing techniques with differing degree of success are available to treat
polluted water. Most of these are capital intensive, and may result
in the discharge of aromatic amines, formation of by-product and
inability to efficiently treat diluted waste effluents [9,10].

Recently, biosorption technique has become an attractive alter-
native to traditional waste effluent treatment technologies due to
the availability of biomass, low capital investment, ease of operation,
insensitivity to toxic wastes and adequate removal of trace amount
of hazardous substances from wastewater [11-13]. Consequently,
various low-cost biosorbents have been investigated including Rici-
nus communis, seaweeds, coir pith, sawdust, rice husk Pinus brutia
bark and eucalyptus bark [14-19]. Despite the biomass’s attractive
nature, the recovery and separation from the medium are restric-
tive factors limiting its industrial scale utilization.

However, these restrictions can be overcome via integration of
magnetic recovery and separation methodologies to biosorption

techniques [20]. The ease of separation with the use of a magnet,
excellent mechanical characters, and improved biosorption ability
are some of the features of magnetic biomaterial which serve as a
promising biotechnological process. Hence, the search to prepare
efficient smart biosorbents is still ongoing. Ferula communis (FC) is
giant fennel that belongs to the family Apiaceae commonly found in
Mediterranean region of Cyprus to central Asia. Ferula communis bio-
mass could be a promising biosorbent due to its chemistry [21-23].

To the best of our knowledge, this is the first time CuFe2O4 has
been integrated with FC to produce magnetic biosorbent to remove
dye under optimization procedures. Conventional optimization
procedures are cumbersome, involving high research costs and time
consuming. However, the Taguchi approach is necessary to mini-
mize the number of experiments and research costs.

Based on the above facts, the main objectives of the current re-
search are to (1) prepare low-cost smart biosorbent (MFC) and exam-
ine its biosorption potential; (2) optimize the biosorption operational
conditions including medium ionic strength, volume of influent,
biosorbent dosage, etc., during the removal of AR25; (3) describe
the optimized biosorption process using mathematical models; (4)
discuss the biosorption mechanism of AR25 onto MFC and (5)
optimize the contact time so as to reduce capital investment costs.

EXPERIMENTAL

1. Materials
F. communis plants were collected from Pergamos in North Cyprus,

severally washed in tap water to remove dirt, and then in distilled
water repeatedly. AR25 (C20H12N2Na2O7S2, FW=502.43, C.I.16050,
λmax=508 nm) was purchased from Merck (Germany). Other chem-



Two-stage removal of acid dye by magnetic biomass and optimization by Taguchi methodology 1865

Korean J. Chem. Eng.(Vol. 32, No. 9)

icals used were of analytical purity and obtained from Fluka (Swit-
zerland).
2. Biosorbent Preparation

The washed biomass was dried at 60 oC for 12 h, crushed and
sieved by laboratory standard sieve to produce less than 200μm
particle size biosorbent (FC). The magnetic biosorbents (MFC) were
prepared by chemical co-precipitation of Cu2+ and Fe3+ ions by NaOH
in the presence of FC followed by thermal treatment. The CuFe2O4

nanoparticles confer magnetic properties onto the raw FC.
Briefly, a known amount of FC was added to the solution of

Fe(NO3)3·9H2O (6.68 g) and Cu(NO3)2·3H2O (2.0 g) in 120 ml of
deionized water, and precipitated by 75 mmol of NaOH slowly until
brownish-black precipitate was obtained. The homogenized mix-
ture was stirred continuously at 90 oC for 4 h and later cooled to
room temperature. The magnetic biosorbents obtained were sepa-
rated by a magnet, then washed severally and kept in the oven over-
night at 100 oC. MFC was ground in a laboratory mill, sieved and
kept in a furnace at 600 oC for 6 h. The MFC was then cooled to
room temperature for later use.
3. Adsorbate

500 mg/L stock solution of AR25 was prepared by dissolving
carefully weighed amount of AR25 in doubly distilled water, and
the desired working concentrations were obtained by dilution from
the prepared stock solution. 0.1 M HCl and 0.1 M NaOH solutions
were used for pH adjustment.
4. Biosorption Experiments

Certain amounts of MFC were transferred into 50 mL of vary-
ing concentrations of AR25 (50, 100, 150 and 200mg/L) and agitated
on a mechanical shaker at 200rpm. 5mL of samples was withdrawn
from the reactor at a pre-set time interval and the concentration of
AR25 was analyzed by a UV/VIS Spectrophotometer (Beijing, T80+).
The effect of pH on AR25 biosorption was examined in the pH
range of 1.0-10.0; the MFC was separated by external magnet and
changed between 0.5 g and 3.0 g during the biosorption process.
The ionic strength of the medium was varied from 0.5 to 2.0 M
using NaCl solution. All the experiments were repeated three times
for reproducibility tests and averages results were reported.
5. Taguchi Methodology and Data Evaluation

The Taguchi method is an easy and robust technique for opti-

mizing biosorption parameters. Taguchi methodology was employed
to examine how different bioprocess factors affect the variance and
mean of biosorption efficiency and which variables contribute sig-
nificantly to the process performance [24,25]. The Taguchi DOE
employed in this work followed five sequential stages and was con-
ducted by Reliasoft software (ver. 9.0, Reliasoft synthesis). The first
step defines the different operational parameters to be optimized,
including biosorbent dosage (m, g), ionic strength (i, M) and vol-
ume of influent (v, L) as presented in Table 1. The Taguchi orthog-
onal array L9 (33) was designed for the selected operational parameters
and their levels in the second and third steps based on the overall
degree of freedom in the current study. The AR25 amount adsorbed
onto MFC at equilibrium and at time t was calculated by the fol-
lowing equations:

(1)

(2)

In the fourth step, the adsorption efficiency was predicted under
optimum biosorption conditions. Finally, four confirmation exper-
iments were performed at the optimized conditions to validate the
Taguchi methodology.
6. Biosorption Isotherm

Isotherms analysis is significant for evaluating equilibrium data
and describing the interactive influences between the biosorbent
and the adsorbate [4,26-29]. Four widely used isothermal equa-
tions were applied to model the biosorption equilibrium data. The
equations of the models, i.e., Freundlich (Eq. (3)), Sips (Eq. (4)),
Langmuir (Eq. (5)) and Dubinin-Radushkevich (Eq. (6)), can be
written as follows:

(3)

(4)

(5)

(6)

The mean biosorption energy, which can be computed from Eq.
(7), provides information about the biosorption mechanism as chem-
ical exchange (E>8 kJ/mol) or physical biosorption (E<8 kJ/mol)
[30,31]. The mean biosorption energy is related to the activity coef-
ficient and Polanyi potential according to Eq. (8), represented as
follows;

(7)

(8)

7. Biosorption Kinetics
Four kinetic models were employed to evaluate the biosorption

mechanism of AR25 onto MFC and to investigate the rate-limiting
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Table 1. Designed L9 (33) orthogonal array for selected factors and
assigned levels

Exp.
no.

Factors and levels Biosorption amount
(qe, mg/g) SNR

value
A: i B: v C: m q1 q2 Mean

1 0.5 (1) 100 (1) 1 (1) 206.9 211.4 209.15 46.41
2 0.5 (1) 300 (2) 4 (2) 532.4 536.2 534.30 54.56
3 0.5 (1) 500 (3) 6 (3) 316.8 321.8 319.30 50.08
4 1.0 (2) 100 (1) 4 (2) 198.6 201.6 200.10 46.02
5 1.0 (2) 300 (2) 6 (3) 249.9 250.2 250.05 47.96
6 1.0 (2) 500 (3) 1 (1) 165.4 159.9 162.65 44.23
7 2.0 (3) 100 (1) 6 (3) 140.8 139.8 140.30 42.94
8 2.0 (3) 300 (2) 1 (1) 136.6 130.4 133.50 42.51
9 2.0 (3) 500 (3) 4 (2) 153.8 156.2 155.00 43.81



1866 A. A. Oladipo and M. Gazi

September, 2015

step. The linear forms of these equations can be expressed as follows:
Pseudo-first order kinetic model:

(9)

The initial biosorption rates h0, 1 (mg/g min) for AR25 onto MFC
can be computed from the pseudo-first order model as follows:

h0, 1=k1qe (10)

Pseudo-second order kinetic model:

(11)

The initial biosorption rates h0, 2 (mg/g min) for AR25 onto MFC
can be computed from the pseudo-second order model as follows:

h0, 2=kqe
2 (12)

The Elovich model is one of the significant models applied to describe
chemisorption, which predicts that the dye biosorption may involve
valence forces via exchange or sharing of electrons between adsor-
bate and biosorbent. Elovich equation is as follows:

qt=α+β lnt (13)

The intra-particle diffusion model is necessary to identify the bio-
sorption mechanism of AR25 onto MFC and can be expressed ac-
cording to the following equation:

qt=kidt0.5+C (14)

Boyd’s model was also applied to characterize the actual rate-con-
trolling step involved during the biosorption process of AR25 onto
MFC:

Bt=−0.4977− ln(1−F) (15)

The fraction of AR25 biosorbed at any time t, can be expressed as
follows:

(16)

8. Two-stage Batch Sorber Design Analysis
Contact time optimization is undertaken here to be able to pro-

cess more batches of effluents per day, resulting in lower treatment
cost of polluted wastewater. The kinetic models can be integrated
into mass balance equations to predict the design of multi-stage
batch biosorption systems [32-34], and the basis of the model is
discussed as follows.

The effluent to be treated contains V (L) of AR25 solution, and
initial AR25 concentration C0 (mg/L) entered the first treatment
stage with biosorbent quantity M1 (g) with q0 (mg/g) loading of
AR25 onto MFC. After attaining biosorption equilibrium and with-
drawal of a certain amount, V (L) AR25 solution with concentra-
tion C1 (mg/L) entered the second treatment stage. The AR25 con-
centration reduces from each stage to become Ci (mg/L) and the
AR25 loading onto MFC increased from q0 (mg/g) to qi (mg/g).
When fresh biosorbent was utilized, q0=0 and the mass balance
equation could be expressed as follows:

(17)

Pseudo second-order equation is applied to describe the equilib-
rium in the two-stage biosorption process.

(18)

Combining Eqs. (17) and (18), the mass balance equation can be
as expressed as follows:

(19)

Total amount of AR25 removal can be evaluated analytically as fol-
lows:

(20)

The AR25 removal percentage in each biosorption stage, Ri, can
be calculated from the following equation:

(21)

It is important for biosorber design to express qe and k as a func-
tion of C0.
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Fig. 1. FTIR spectra of raw Ferula communis, magnetic FC and AR25 loaded-MFC.



Two-stage removal of acid dye by magnetic biomass and optimization by Taguchi methodology 1867

Korean J. Chem. Eng.(Vol. 32, No. 9)

RESULTS AND DISCUSSION

1. Characterization of Biosorbent
The FTIR spectra are useful to characterize the surface func-

tional groups associated with MFC and those involved in biosorp-
tion of AR25 as shown in Fig. 1. The peak around 3,402 cm−1 in
the raw FC is attributed to hydroxyl groups of lignin and cellulosic
F. communis [21-23]. The peak C-O-C at 1,163.5 cm−1 also con-
firmed the cellulosic nature and the weak band at 2,935.7 cm−1 was
attributed to the C-H stretch vibration bond in methylene groups.
The peaks at 1,650.7, 1,644.1 and 1,640.9 cm−1 confirmed the pres-
ence of C=O groups in raw FC, MFC and AR25 loaded-MFC, re-
spectively, and the strong IR band at 620.11 cm−1 in CuFe2O4 con-
firms CuFe-O vibration [35].

After modification with CuFe2O4, the obvious changes are strong
broad peaks at 3,458.9 and slightly reduced peak at 1,644.1 cm−1

corresponding to OH and C=O groups, respectively. The disap-
pearance of peaks at 937.87, 859.4 and 764.6 cm−1 and the strong
IR band at 623.98 cm−1 confirms CuFe-O vibration. It can be con-
cluded that CuFe2O4 nanoparticles have been successfully integrated
with FC. There are no substantial changes in the AR25-FC and AR25-
loaded MFC spectra compared to FC and MFC indicating that the
mechanism of the biosorption may be physisorption [4,26].

The SEM micrographs of FC and MFC are presented in Fig. 2.
As seen, FC exhibited smooth surface with wrinkles. MFC pres-
ents numerous particles homogeneously anchored onto the FC sur-
face with size ranged from 20 to 100 nm, and average nanoparticles
size of ≤50nm. The introduction of CuFe2O4 particles led to a rough
surface of MFC. The BET surface areas, CuFe2O4 content, pore vol-
umes and magnetization measurement of samples are listed in Table 2.

The microporous volume and the surface area of MFC dimin-
ished slightly with an introduction of CuFe2O4 particles. However,
the microstructure of MFC suggested that the pores of FC were

Fig. 2. SEM images, X-ray spectra, VSM curves, samples and separation process of (a) CuFe2O4 (b) MFC (c) FC.

Table 2. BET surface area, magnetization and microstructure of FC,
CuFe2O4 and MFC

FC
Self-pH 6.20
pHzpc 6.00
Moisture content (%) 8.98
BET surface area (m2/g) 445
Specific saturation magnetization (emu/g) 0.0
Micro-pore volume (cm3/g) 0.266
CuFe2O4 (wt%) 0.0
CuFe2O4

BET surface area (m2/g) 68.3
Specific saturation magnetization (emu/g) 89.75
Micro-pore volume (cm3/g) 0.012
MFC
pHzpc 6.80
BET surface area (m2/g) 393
Specific saturation magnetization (emu/g) 69.32
Micro-pore volume (cm3/g) 0.196
CuFe2O4 (wt%) 1.1
Surface acidic functional groups (mmol/g)
Phenolic 2.98
Lactonic 0.62
Carboxylic 1.45
Total acidic value 5.05
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not all blocked by the presence of relatively small surface area and
microporous volume of CuFe2O4 (68.3m2/g and 0.012cm3/g, respec-
tively) [35,36]. The magnetic properties of the samples were inves-
tigated by a vibrating sample magnetometer (VSM) at room tem-
perature. The plots of magnetization vs. magnetic field for CuFe2O4

and MFC are presented in Fig. 2. The magnetization curves indi-
cate that both CuFe2O4 and MFC are super-paramagnetic with suffi-
cient magnetization saturation values (89.75 emu/g and 69.32 emu/
g, respectively). These magnetization values are sufficient enough
to separate both samples from aqueous solution because satura-
tion magnetization of 16.3 emu/g is adequate for magnetic separa-
tion using conventional magnet [35].

The synthesized samples were dispersed in water in small tubes,
and external magnet with magnetic intensity of 0.8 T was placed
in between the tubes to investigate the magnetic separability of the
samples. As displayed in Fig. 2, the tubes containing dispersed sam-
ples were black and after a short period, clear water is seen and
can be re-dispersed with slight shake. The results reveal that the
synthesized materials could be separated easily from solutions with
external magnet and could be potentially applied as magnetic bio-
sorbent to remove pollutants.

The XRD patterns of FC, MFC and CuFe2O4 are illustrated in
Fig. 2. No characteristic diffraction peaks were observed in the spec-
trum of FC, which indicates a long range disorder along with amor-
phous character, exist in FC [20]. The XRD patterns of MFC and
CuFe2O4 show characteristics peaks at 30.2 (220), 36.5 (311), 43.5
(400), 53.7 (422), 58.5 (511), 65.1 (440) and 75.2 (532), which are
consistent with the reflections indexed in (JCPDS 77-0010) and
the most intense peak (311) confirmed the formation of spinel-type
cubic structure of CuFe2O4 [37,38].

The pHzpc of FC and MFC were determined as described else-
where by pH drift method [4,26]. Twenty milligrams of the sam-
ples were mixed with known pH of 0.01 mol/L NaOH and N2 gas

was bubbled into the suspension for 3 h. The pH of the samples
was adjusted between 1 and 12 under N2 for 24 h. The final pH
was determined and plotted against the initial pH, the pHzpc was
obtained when pHfinal=pHinitial. As shown in Fig. 3(a), at pH<pHzpc,
the surface charge of MFC is net positive, and this can uptake the
AR25 anions via electrostatic mechanism while the surface is a net
negative at pH>pHzpc. Boehm titration described in [39] was em-
ployed to quantify the oxygenated acidic surface on MFC and ob-
tained results are presented in Table 2.
2. Effect of Solution pH

The solution pH is a significant factor affecting the removal of
pollutants from aqueous media [40-42]. The pH dependence of
AR25 biosorption onto MFC as shown in Fig. 3(b) indicates the
highest biosorption removals of MFC were observed at solution
pH=5.0 for all the investigated initial AR25 concentrations. Bio-
sorption of anionic species is generally increased by increasing the
H+ concentration in the aqueous media. In this study, the effects of
initial pH on percentage removal of AR25 dye solutions (100, 150
and 200 mg/L) onto MFC biosorbents were investigated within a
pH range between 1 and 10.

AR25 biosorption removal percentage increases as the pH in-
creases and this corroborated with the pHzpc measurements. The
percentage of AR25 removed increased markedly from 10.2, 13.5
and 18.5% at pH=2.0 for AR25 concentrations (100, 150 and 200
mg/L) to 28.7, 47.3 and 85. 2% removed at pH=5.0. The biosorp-
tion of AR25 occurred when the magnetic biosorbent presents a
positive surface charge (pH<pHzpc), while the dissolved AR25 dye
is negatively charged in aqueous solutions, due to the presence of
sulfonate groups leading to electrostatic interaction.
3. Effect of Biosorbent Dosage

The effect of MFC dosage on the biosorption of AR25 was exam-
ined and the results presented in Fig. 4(a). As shown, AR25 removal
percentage increased from 21.5±0.5 to 91.4±0.6% when the bio-

Fig. 3. (a) pH of zero charge for raw FC and MFC (b) effect of pH on AR25 biosorption at different concentrations.
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sorbent quantity was increased from 0.5 g to 3.0 g. Increase in bio-
sorbent could increase the pollutant removal efficiency as more
active surface sites were present for biosorption, and similar trends
have been observed by other researchers [32-38]. In this context,
increasing the biosorbent amount could be attributed to increase
in the total surface functional groups on MFC leading to increased
AR25 removal percentage.
4. Effect of Initial AR25 Concentration

Biosorption of AR25 at different initial concentrations as a func-
tion of contact time was investigated and the obtained results shown
in Fig. 4(b). The removal of AR25 was rapid at the beginning and
slowed down gradually until equilibrium was achieved. About 84.5%
biosorption onto MFC was observed for initial AR25 concentra-
tion of 50 mg/L within 60 min, while the final AR25 removal was
observed to reach 96.8% at 950 min.

The AR25 removal reached around 36.9% and 47.2% for initial
concentration of 200 mg/L in 60 min and 950 min, respectively.
The removal percent was observed to decrease with increasing ini-
tial AR25 concentration. It could be that, at lower AR25 concen-
trations, all adsorbate ions in the biosorption medium could interact
with the MFC binding sites, leading to higher removal percent-
age. At higher AR25 concentrations, there is increased saturation
of biosorption sites, resulting in decreased percentage uptake, and
these observations fit well with the findings of other researchers
[43-46].
5. Results of Taguchi Methodology

Taguchi model utilized statistical approach of performance known
as SNR (signal to noise ratio) to evaluate the analysis data. The SNR
performance features can be grouped as “smaller is better,” “nomi-
nal is best” and “larger is better.” The aim of this study was to improve
the AR25 removal; therefore, larger is better (SNR) was chosen
and expressed as follows:

(22)

Based on Taguchi orthogonal array, nine experiments were con-

ducted and each replicated twice. The response data of mean and
SNR for elucidating the influence of each factor at the three selected
levels on AR25 removal is presented in Table 3. The graphical rep-
resentation of the main effects for mean and SNR response for each
parameter studied is shown in Fig. 5.

Optimization of the influencing parameters is significant for maxi-
mizing the AR25 biosorption onto MFC. Most studies have not
considered the interactive effects of ionic strength, influent volume
and biosorbent dosage. In this study, the combined effects of the
mentioned input parameters were investigated and data obtained
fitted into Taguchi matrix so as to understand the interactive influ-
ences of these parameters on the response (biosorption),and this
may generate attractive points to various researchers in the field.

As shown in Fig. 5, “larger is better” was adopted for maximiz-
ing the mentioned input parameters; the biosorption ability of MFC
decreases rapidly with increasing ionic strength from 0.5 to 1.0 M,
and further increase in the medium ionic strength to 2.0M decreases
the biosorption ability. This phenomenon could be explained the-
oretically: when the electrostatic forces between the adsorbate ions
and biosorbent surface were attractive, as in our case, an increase
in ionic strength would decrease the biosorption capacity [47-49].

As the volume of influent in the batch reactor increases from
100 to 300 L, the SNR and means increase too, but further increase
to 500 L results in a decrease in biosorption ability of MFC and
similar results were observed for biosorbent dosage as shown in

SNR = − 10 1
n
---

1
yi

2
----

i=1

n
∑

⎝ ⎠
⎜ ⎟
⎛ ⎞

log

Fig. 4. (a) Effect of biosorbent dosage (b) effect of initial dye concentrations on AR25 biosorption onto MFC.

Table 3. Response date for SNR and means for larger is better cate-
gory

Level
SNR factors Means factors

A: i B: v C: m A: i B: v C: m
1 50.35 45.12 44.38 354.25 183.18 168.43
2 46.07 48.34 48.13 204.27 305.95 296.47
3 43.08 46.04 46.99 142.93 212.32 236.55
Delta 07.26 03.22 03.75 211.32 122.77 128.04
Rank 1.0 3.0 2.0 1. 3. 2.
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Fig. 5. Increasing the SNR and means correspond to increasing the
biosorption ability of MFC; therefore, the peak points in the response
plots correspond to optimum biosorption condition [43,44,46]. Based
on the SNR and means, the optimum conditions are A1 (0.5 M),
B2 (300 L) and C2 (4 g).
6. Analysis of Variance (ANOVA) Data

To examine systematically the relative significance of each fac-
tor on biosorption of AR25, analysis of variance was employed to
the working results. The ANOVA data for the means and SNR are

presented in Table 4, and the contribution percentage of each param-
eter is shown in Fig. 6(a)-(b). Based on the obtained data and the
studied parameters, ionic strength was the most significant param-
eter on biosorption of AR25, followed by biosorbent dosage and
volume of influent, respectively.
7. Efficiency Prediction and Confirmation Experiments

Efficiency prediction is a verification tests employed by Taguchi
model to control the accuracy of experiments. The prediction of
response (AR25 biosorption) based on the optimal combination
of parameters obtained (A1-B2-C2) can be computed theoretically
using Eq. (23) as follows:

ηopt(AR25)=mt+ηA1−mt+ηB2−mt+ηc2−mt=ηA1+ηB2+ηC2−2mt (23)
ηopt(AR25)=50.35+48.34+46.99-2(46.50)=52.68

The confidence interval (CI) for SNR of AR25 at the optimum
conditions was computed using Eq. (24) and (25) as follows:

(24)

(25)

To evaluate the optimum biosorption efficiency of MFC, the expected
data of SNR were transformed into the biosorbed amounts of AR25
using Eq. (22) and the predicted amount and confirmation results
of AR25 optimization were tabulated in Table 5.

According to Taguchi model, a confirmation experiment is re-
quired to verify the predicted results, and if the observed results
are within the corresponding predicted values, then the investi-

neff = 
N

1+ DOFopt
------------------------ =1.00

CI = ±
F0.05 1, 2( )Ve

neff
-----------------------------

⎝ ⎠
⎛ ⎞

0.5
 = ±0.732

Fig. 5. Effect of operational factors on SNR and means of AR25 biosorption.

Table 4. Results of ANOVA for SNR and means for AR25 biosorp-
tion 

SNR

Source Sum of
squares DOF Variance F-ratio Contribution

(%)
A: i 0342.279 2 171.14 364.13 48.29
B: v 0162.429 2 081.21 172.79 22.91
C: m 0203.212 2 101.61 216.19 28.67
Error 0000.948 2 000.47 ------ 00.13
Total 0708.868 8 ------ ------ 100

Means
A: i 1824.201 2 912.11 016.25 65.08
B: v 0348.111 2 174.06 003.10 12.42
C: m 0518.424 2 259.21 004.62 18.50
Error 0112.201 2 056.10 ------ 04.00
Total 2802.937 8 ------ ------ 100

DOF, degree of freedom
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gated optimum biosorption conditions can be regarded valid or
vice versa [54,55]. Based on the results shown in Table 5, the mean
amount of AR25 (411.56 mg/g) fits well with the predicted values
and falls within the expected ranges; hence, the proposed optimum
parameters combination and corresponding response in the Tagu-
chi model employed here are valid.
8. Biosorption Equilibrium and Isotherm Modeling

Four widely utilized isotherms were employed to describe the
biosorption process of AR25, and the relevant parameters of the
investigated models were stated in Table 6. Based on the theoreti-
cal analyses, the determination of coefficients (R2) of the linear
form of Freundlich was much closer to unity (1.0) than other investi-
gated models. Furthermore, the values of 1/n for all the investi-
gated concentrations were lower than unity, which indicates that
the surface of MFC is majorly made up of heterogeneous biosorp-

tion binding sites and high biosorption intensity.
Meanwhile, the Sips model was likewise applied, which is con-

sidered a combination of Freundlich and Langmuir models [13,
56,57]. Based on the tabulated results, the heterogeneity factor of
Sips model, 1/n<1, indicated MFC possess heterogeneous binding
surfaces. In this context, the Sips equation would reduce to Freun-
dlich model since all the investigated concentrations showed 1/n<1
with considerable high R2 values.

Furthermore, from the analysis of D-R model, the mean bio-
sorption energy (E) could be computed according to Eqs. (6) and
(7). The biosorption characters were described as chemical when
E values were more than 8.0 kJ/mol but physical when E values
ranged between 1.0 and 8.0 kJ/mol. Based on the tabulated data,
the mean biosorption energy for AR25 were all below 8.0 kJ/mol
with R2 values all above 0.9. This showed AR25 biosorption behav-

Fig. 6. Contribution of investigated parameter on AR25 biosorption for (a) SNR (b) means.

Table 5. Predicted value and results of confirmation experiment for AR25 biosorption

Dye
Predicted value

CI of SNR
(dB)

Expected value range
Optimal

combination
SNR
(dB)

Biosorption
(mg/g)

SNR
(dB)

Biosorption
(mg/g)

AR25 A1-B2-C2 52.68 430.52 ±0.732 51.95-53.41 395.82-468.27
Results of confirmation experiments

N=4 Biosorption (mg/g) Mean (mg/g) S.D R.S.D (%)
408.22 431.64 406.22 400.26 411.56 13.79 3.35

Maximum adsorption capacity of some adsorbents for acid dyes.

Adsorbent Adsorbate Adsorption
capacity (mg/g) Kinetics References

MFC Acid red 25 411.56 Pseudo-second-order This study
MWCNTS Acid red 18 166.67 Pseudo-second-order [50]
Activated carbon Acid red 97 082.08 Pseudo-second-order [51]
Poplar wood Acid red 18 003.90 Pseudo-second-order [52]
Scallop shell Acid Cyanine 500.00 Pseudo-second-order [53]

MWCNTs: Multiwalled carbon nanotubes
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iors by MFC were physical and consistent with the FTIR analyses.
9. Biosorption Kinetic Modeling

Four kinetic models were employed to describe the biosorption
rates and obtained results presented in Table 7. The correspond-
ing graphical representations are shown in Figs. 7(a)-(b). The val-
ues of correlation coefficients for pseudo-first order kinetics are
not high for all the investigated AR25 concentrations, and the esti-
mated qe, cal calculated from the model equation differ markedly
from the experimentally measured values. This shows that the bio-
sorption process did not obey the pseudo-first order equation.

The values of the correlation coefficient (R2) for the pseudo-sec-
ond order were ≥0.995 for all AR25 concentrations investigated,
and the biosorption capacities calculated by the model fit well to
those determined experimentally. Therefore, pseudo-second order,

Table 6. The isotherms parameters for AR25 biosorption onto MFC
Concentrations (mg/L) 50 100 150 200
Langmuir
qe, exp (mg/g) 284.6 408.2 618.3 795.8
qm (mg/g) 206.2 316.8 566.7 602.8
KL (L/g) 32.99 49.64 39.59 54.60
R2 0.902 0.897 0.887 0.913
Freundlich
qe, exp (mg/g) 284.6 408.2 618.3 795.8
Kf (L/g) 171.3 208.4 275.9 349.5
n 3.653 3.989 4.081 5.682
R2 0.996 0.998 0.997 0.999
Sips
qe, exp (mg/g) 284.6 408.2 618.3 795.8
qm (mg/g) 234.4 432.6 600.8 758.9
Ks (L/g) 0.063 0.089 0.126 0.144
n 2.566 2.896 3.476 3.896
R2 0.992 0.988 0.969 0.959
Dubinin-Radushkevich
E (kJ/mol) 6.480 6.961 7.022 7.353
R2 0.991 0.976 0.994 0.962

Table 7. The kinetic parameters for AR25 biosorption onto MFC
Concentrations (mg/L) 50 100 150 200
Pseudo-first order
qe, exp (mg/g) 234.6 396.9 598.6 793.6
qe, cal (mg/g) 79.6 132.9 324.8 529.8
k1 (1/min) 0.00351 0.00279 0.00231 0.00175
h0, 1 0.279 0.371 0.750 0.927
R2 0.921 0.942 0.968 0.972
Pseudo-second order
qe, exp (mg/g) 234.6 396.9 598.6 793.6
qe, cal (mg/g) 207.9 399.6 588.0 771.9
k (g/mg min) 0.00392 0.00132 0.00071 0.00045
h0, 2 169.43 210.77 243.75 267.53
R2 1.000 0.996 0.995 0.998
Elovich
qe, exp (mg/g) 234.6 396.9 598.6 793.6
qe, cal (mg/g) 179.6 220.6 496.8 620.3
α (mg/g min) 189.5 209.9 482.6 602.3
β (g/mg) 65.9 103.6 121.3 113.9
R2 0.986 0.983 0.936 0.929
Intraparticle diffusion
kd1 (mg/gmin−0.5) 1.032 1.548 1.862 1.921
kd2 (mg/gmin−0.5) 1.875 1.694 1.882 1.939
C1 8.246 8.896 10.207 11.398
C2 6.934 8.909 9.364 9.596
R1

2 0.986 0.993 0.991 0.989
R2

2 0.879 0.902 0.996 0.992
Boyd diffusion
Dp×105 (cm2/s) 1.94 1.25 0.99 0.65
ks×100 (1/min) 3.46 2.84 1.40 0.89
R2 0.979 0.989 0.991 0.996

Fig. 7. Kinetic plots for AR25 biosorption: (a) pseudo-second order (b) pseudo-first order (T=25±0.5 oC; pH=5.0; dosage=4.0 g).

which is based on the assumption of sharing of valence forces, was
feasible to describe the biosorption behavior of AR25 onto MFC.
Elovich constants were obtained from the intercept and slope of
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the model plot as shown in Fig. 8(a). The correlation coefficient
(R2) from Elovich model ranged between 0.929 and 0.986, which
were lower than those obtained from pseudo-second order equation.

Therefore, the kinetic fit follows the following order in this con-
text: pseudo-second order>Elovich>pseudo-first order. The initial
rates of AR25 biosorption were calculated using Eqs. (10) and (12)
and the general trend observed as shown in Fig. 8(b) is an increase
in the initial rate of biosorption with increasing AR25 initial con-
centration. As observed, the h0, 2 increases steadily with increasing
initial concentration, unlike h0, 1, this further confirmed the esti-
mation that pseudo-second order is more reliable to express the
biosorption process of AR25 onto MFC.
10. Biosorption Mechanism

The overall adsorbate biosorption onto biosorbent surface may
be characterized by several steps: film diffusion, surface diffusion,
pore diffusion and biosorption into the pore cavity or combination
of these steps [13,56]. Webber-Morris plot is based on the assump-
tion that the dye uptake varies proportionally with t0.5 rather than
with contact time [57]. The plot of qt versus t0.5 should be linear if
intraparticle is involved in the biosorption process, and the overall

rate of biosorption will be governed by the slowest step, although
the controlling step might be distributed between external and intra-
particle transport mechanisms.

The intraparticle diffusion plot shown in Fig. 9(a), shows a multi-
linearity correlation, indicating that the three phases occur during
the biosorption process of AR25. The first sharper stage (phase I)
is transport of AR25 molecules from the bulk solution to the MFC
external surface through film diffusion. The second stage (phase
II) is the diffusion of the AR25 molecules from the boundary layer
into the cavity of MFC, while the last stage (phase III) is the equi-
librium portion where the AR25 molecules were biosorbed on the
active sites within the pores of MFC and, intraparticle diffusion
started to reduce due to lower AR25 concentration in the medium.

The obtained correlation coefficients for intraparticle diffusion
(R2=0.879-0.996), showed that intraparticle diffusion model was
not only the rate governing step while other process might con-
trol the biosorption process. The linear portions of the intraparti-
cle plots did not pass through the origin, indicating that the film
diffusion controls the mass transfer rate of the initial linear seg-
ment while pore diffusion is not the overall step controlling at the

Fig. 8. Kinetic plots for AR25 biosorption: (a) Elovich (b) initial rates of biosorption (T=25±0.5 oC; pH=5.0; dosage=4.0 g).

Fig. 9. (a) Intraparticle diffusion plots (b) Boyd plots for AR25 biosorption at different concentrations.
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beginning of the biosorption. This observation could be elucidated
further by the analysis of results from Boyd’s equation [48-56].

Boyd’s plot is used in predicting the actual rate controlling step.
If a linear plot passing through the origin was obtained, then pore-
diffusion governs the rate of mass transfer. A linear or non-linear
Boyd’s plot that does not pass the origin, is concluded to be film-
diffusion controlled mechanism.

The first 65 min of Boyd’s plot for AR25 biosorption is shown
in Fig. 9(b); as seen, a short non-linear portion that does not pass
the origin was observed, indicating that film-diffusion controlled
the rate of biosorption at the first short stage. According to the data
shown in Fig. 9(b) (inserted graph), the first portion was completed
within about 20 min and was dominated by external mass trans-
fer, facilitated by the existence of hydroxyl groups on the external
surface of MFC.

As seen in Fig. 10, the H2O molecules play a major role in AR25-
MFC interactions where AR25 molecules interacted with its sul-
fonic groups through chains of H-bonds formed by H2O molecules
and the net positive external surface of MFC. The mean biosorp-
tion energy also confirmed that the biosorption mechanism was
physical. The second stage completed within about 65 min could
be characterized as intraparticle diffusion mechanism and, this stage

was the rate-limiting step due to concentration gradient between
the solution and the inner cavity of the biosorbent. Similar results
were observed by other investigators [58,59].
11. Thermodynamic Parameters of Biosorption

Thermodynamic studies of biosorption process are important
to conclude the spontaneity of the process. The data obtained ex-
perimentally at varying temperatures were used in calculating the
thermodynamic parameters such as enthalpy change (ΔH), entropy
change (ΔS) and Gibb’s free energy change (ΔG).

The thermodynamic parameters were obtained from the slope
and intercept of the plot of ln Kd versus 1/T as depicted in Eq. (26):

(26)

The negative values of ΔG signify the feasibility and spontaneous
nature of the biosorption process. The decrease in ΔG values with
increasing temperature indicated that the biosorption of AR25 was
more spontaneous at higher temperature. Also, the data presented
in Table 8 revealed the biosorption mechanism to be physical. Gener-
ally, the Gibb’s free energy change for chemisorption ranges between
−80 and −400 kJ/mol, but physisorption ranges between −20 and
0 kJ/mol [55,59]. The negative values of ΔH and positive values of

Kd = 
ΔS
R
------ − 

ΔH
RT
--------ln

Fig. 10. Schematic representation of the biosorption process of AR25 and mechanism.
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ΔS indicated an exothermic nature of biosorption and good affin-
ity and increased randomness of AR25 towards MFC external sur-
face, respectively.
12. Two-stage Batch Sorber Design Analysis

The application of time optimization model is employed in this
study so as to reduce the treatment plant cumbersome factors and
further reduce the plant capital investment [60,61]. The pseudo-
second order kinetic plots were regressed to obtain expression for
qe and k values in terms of initial AR25 concentration as follows:

(27)

(28)

For a two-stage countercurrent biosorption system, Eqs. (27) and

(28) were inserted into Eq. (21) to determine AR25 biosorbed for
a fixed removal percentage.

(29)

The total AR25 biosorbed at any given initial concentration and
the reaction contact time can be determined using the following
expression:

(30)

For instance, 10 m3 of a solution is to be treated, and 5 kg biosor-

qe = 5.06C0
0.949

k =1.75C0
−1.56

Ri = 
100Mi 1.75C0

−1.56( ) 5.06C0
0.949( )

2t
VC0 1+ 1.75C0

−1.56( ) 5.06C0
0.949( )t[ ]

------------------------------------------------------------------------------

Ri = 
100Mi

VC0
---------------

1.75C0
−1.56( ) 5.06C0

0.949( )
2t

1+ 1.75C0
−1.56( ) 5.06C0

0.949( )t[ ]
--------------------------------------------------------------------

i=1

N
∑

i=1

N
∑

Table 8. Thermodynamic parameters for AR25 biosorption onto MFC
Temperature (K)

298 308 318 328
AR25 (mg/L) ΔH (kJ/mol) ΔS (j/molK) ΔG (kJ/mol)

050 −5.320 40.535 −17.399 −17.805 −18.210 −18.615
100 −4.328 36.895 −15.322 −15.692 −16.061 −16.430
150 −3.546 29.895 −12.455 −12.753 −13.053 −13.351
200 −2.987 25.689 −10.633 −10.889 −11.147 −11.403

Table 9. Minimum biosorption times to achieve various % AR25 removals for single and two-stage biosorption systems
Two-stage Single-stage

Dye removal (%) System no. Stage 1 (min) Stage 2 (min) Total time (min) Contact time (min)
96 Removal 16 180 220.8 400.8 895
90 Removal 12 140 143.9 283.9 599
86 Removal 10 120 109.5 229.5 476
83 Removal 08 100 092.6 192.6 356
80 Removal 08 100 062.6 162.6 376

Fig. 11. (a) Minimum contact time for various percentage AR25 removals in a two-stage process (b) comparison of 88% AR25 removal time
of each stage in two-stage process (T=25±0.5 oC; pH=5.0; dosage=4.0 g).
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bent added to each of the two stages containing 150 mg/L AR25
in the first stage. Series of contact times from 30 min up to 600 min
in 10 min increments have been specified in the first stage of the
two-stage biosorption system for AR25 and expressed as follows:

t1=30+(N−1)10 min (31)

In the first batch sorber, for instance, system 15 signifies that the
first batch contact is 30 min+(15-1) 10 min=170 min. The total
contact time T, to achieve a fixed total percent AR25 removal can
be calculated as follows:

T=t1+t2 (32)

Therefore, the total batch contact time can be computed as:

T=30+(N−1)10+t2 (33)

The minimum contact times for five various percentages AR25 re-
moval are stated in Table 9 and the graphical representations for
the stage 1+stage 2 are in Fig. 11(a). For 96% AR25 removal, the
minimum contact time is 400.8 min as shown by system 16 with
180 min contact time for first stage and 220.8 min for second stage.

The times required by single stage process for same removal per-
centage are compared with two-stage process and given in Table 9.
As shown, more time is required to achieve same AR25 removal
as compared to two-stage process. The needed times for 80-96%
AR25 removal in a single batch sorber increased 214-495 min.

Fig. 11(b) shows contact time and system number plot for 88%
AR25 removal from 150 mg/L at 60% and 88% removal for stage
1 and stages 1+2, respectively. We assume stage 1 of the biosorp-
tion process has fixed contact times. For this investigation, series
of contact times from 30 min up to 400 min in 15 min interval
have been used, and the obtained data is specified in Fig. 11(b).
13. Reusability of the MFC without Regeneration

The magnetic biosorbent (MFC) was evaluated for its capability
and efficiency without regeneration. The stability of the dye loaded-
MFC was studied firstly in different pH environments. It was ob-

served that AR25 would be detached from MFC-AR25 system at
pH>6.8 due to competitions between the negative adsorbent sur-
faces and sulfonic groups of AR25. Therefore, MFC-AR25 was ther-
mally treated at 600 oC to render the organic carbon inactive and
improve the binding ability of the spent adsorbent for reuse, and
similar method has been used elsewhere [55,62,63]. Ten consecu-
tive tests were conducted using initial AR25 concentration of 150
mg/L at pH 5.0 and 4 g of MFC.

The biosorption study was completed in 2 h and the MFC was
separated using magnet, dried for 24 h at room temperature and
then reused in the second batch containing another 150 mg/L and
so on. The obtained data as shown in Fig. 12 indicated that MFC
is efficient to treat more polluted effluents without regeneration up
to six cycles with decreasing loading biosorption capacity in each
cycle.

CONCLUSION

Biomagnetic material for the removal of acidic dyes from aque-
ous media was prepared in this study.

• The biosorption of AR25 showed pH, ionic strength and dos-
age dependent but little variations with temperature. Taguchi model
employed is effective for optimizing the treatment process.

• Pseudo-second order kinetics and intraparticle diffusion model
played a significant role in the biosorption process.

• The application of two-stage biosorber model reduced the con-
tact time by more than 50%. Overall, magnetic F. communis (MFC)
is a high performance and effective biosorbent for the treatment of
dye containing waters combined with its easy separation by mag-
net from aqueous media.

NOMENCLATURE

Bt : Boyd model constant
C0 : initial AR25 concentration [mg/L]
Ce : AR25 concentration at equilibrium [mg/L]
Ct : AR25 concentration at time t [mg/L]
C : intraparticle diffusion model constant
CI : confidence interval
Dp : diffusion coefficient [cm2/s]
E : mean biosorption energy [kJ/mol]
F : fraction of solute biosorbed at any time
FC : ferula communis biomass
k1 : pseudo-first order kinetic rate constant [1/min]
k : pseudo-second order kinetic rate constant [g/mg min]
KL : Langmuir biosorption constant [L/g]
Kf : Freundlich biosorption constant [L/g]
Ks : sips biosorption constant [L/g]
Kd : distribution coefficient
kid : intraparticle rate constant [mg/gmin0.5]
MFC : magnetic Ferula communis
M : mass of magnetic biosorbent [g]
m : mass of biosorbent (g)
mt : total mean SNR of AR25
ηA1 : mean SNR for A1 (parameter A and level 1)
n : Freundlich constant

Fig. 12. Reuse of MFC without regeneration (pH: 5.0, AR25: 150
mg/L; T: 25 oC).
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ηeff : efficiency prediction
ηopt : predicted optimum SNR
qe : amount of AR25 biosorbed onto biosorbent at equilibrium

[mg/g]
qt : amount of AR25 biosorbed onto biosorbent at time t [mg/g]
qe, cal : amount of AR25 biosorbed onto biosorbent calculated at

equilibrium [mg/g]
qe, exp : amount of AR25 biosorbed onto biosorbent experimentally

at equilibrium [mg/g]
qm : maximum biosorption capacity for biosorbent [mg/g]
R : ideal gas constant [8.314 J/molK]
Ri : removal percentage [%]
R2 : correlation coefficient
SNR : signal to noise ratio [dB]
T : absolute temperature [K]
t : time [min]
V : volume of solution [L]
Ve : variance
V0 : volume of AR25 taken out every time [L]
ΔG : free energy change [J/mol]
ΔH : enthalpy change [J/mol]
ΔS : entropy change [J/mol K]

Greek Letters
β : mean free energy of biosorption per mole of the adsorbate

[g/mg]
ε : polanyi potential
α : rate of chemisorption at zero coverage [mg/g min]
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