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ABSTRACT

Response surface methodology involving Box–Behnken design was used to evaluate the
effects of three operating variables: pH, initial concentration of phosphorus, and adsorbent
dosage on biosorption of phosphorus by modified Lemna minor by lab-scale batch study.
Analysis of variance (ANOVA) showed pH, initial phosphorus concentration, interaction of
phosphorus and adsorbent dose and the second-order effect of pH have values of
“Prob. > F” less than 0.0500 indicating that model terms are significant for the biosorption
of phosphorus. Optimum operational conditions for maximizing phosphorus biosorption
were achieved at pH 4.8, initial phosphorus concentration of 19 mg/L and adsorbent dosage
of 5.15 g/L. Under optimal value of parameters, high biosorption (89.2%) was obtained for
phosphorus. Langmuir with 0.99 consistencies fitted better than Temkin, or Freundlich mod-
els. The maximum adsorption capacity of phosphorus was determined as 3.6 mg/g.
Pseudo-second-order kinetic model exhibited the highest correlation with data. Results sug-
gest that the modified L. minor has potential for biosorption as a low-cost and effective
absorbent for phosphorus removal from aqueous solution.
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1. Introduction

Phosphorus compounds are commonly used in
various consumer products and industries such as:
fertilizers, water softening, detergents, metallurgy,
paints, food, beverages, and pharmaceuticals [1]. Phos-
phorus concentration in municipal wastewater in the
range of 4–15 mg/L can be considered as one of the
main sources of phosphorus release into water bodies
[2,3]. The presence of excess phosphorus compounds
in aquatic systems causes rapid growth of phytoplank-
ton and eutrophication in water bodies of rivers, lakes,
and seas [4]. Removal of phosphorus compounds from
effluents is compulsory in regions where the regula-
tions of discharge standards are strict [5,6]. Therefore,
it is necessary to find suitable treatment processes to
remove phosphorus compounds from effluents. Differ-
ent methods such as chemical precipitation [7,8],
membrane technologies [9], biological processes
[10,11], ion exchange [12], enzymatic treatment [13,14],
rice husk [15,16], and adsorption [17] are being used
for phosphorus removal from aqueous solutions. Each
of these methods has specific advantages and disad-
vantages. Among these available alternatives, adsorp-
tion process is one of the effective methods that have
been effectively used for many pollutant removals
from aqueous solutions. Recently, different types of
adsorbents have been employed for phosphorus
removal, such as pumice [18], nano-particle resin
Lewatit (FO36) [19], aluminum oxides [20], iron oxides
[21], Ulmus leaves [22], fly ash [23], red mud [24],
silicates [25], active carbon [26], niobium oxide [27],
etc. However, many of these adsorbents have good
efficiencies for adsorption, but some of them are
expensive and with high maintenance cost. To opti-
mize the adsorption processes, it is essential to
develop novel alternative adsorbents with high
adsorptive capacity. Consequently, it is urgent to find
new adsorbents or biomaterials for adsorption of pol-
lutants from aqueous solutions [15,28,29]. So, biosorp-
tion can be a feasible and useful alternative method to
remove pollutants, being low cost, nonhazardous, with
high adsorptive capacity, improved selectivity for
specific pollutants, and being environment friendly
[14,22,30,31]. The adsorptive capacity of an adsorbent
can be increased by several modification methods
[32–34]. Therefore, the natural medium’s adsorption
properties of the adsorbent can be improved by chem-
ical pretreatments [34]. Aquatic plants play a key role
as biosorbents for the removal of pollutants from

aqueous solutions [35–37]. Lemna minor known as
duckweed, is a free-floating aquatic plant that is
widely distributed in many countries. L. minor is toler-
ant to cold weather and can survive in the tempera-
ture range of 35–95˚F. It is rapid growing and under
optimum circumstances, it can be doubled in a week
and adapt to a variety of conditions [38]. Previous
studies have reported that L. minor has the potential
for biosorption of contaminants such as nickel, cad-
mium, copper, fluoride, cadmium, methyl parathion,
methyl and ethyl mercury, and dyes from aqueous
solutions [39–42]. Until now no report on the applica-
tion of L. minor to phosphorus removal has been
found.

The present study aims to investigate the biosorp-
tion of phosphorus by modified L. minor as biosorbent.
The effects of various parameters such as pH of solu-
tion, initial phosphorus concentration, and adsorbent
dosage were examined. The Box–Behnken experimen-
tal design model was used for precisely on finding the
role of individual process parameters and for the opti-
mization of parameters. The Langmuir, Freundlich
and Temkin models were used to describe equilibrium
isotherms. Also various kinetic models were tested to
describe the sorption data.

2. Materials and methods

2.1. Preparation of biomass

L. minor was collected from Babol, Iran. Before use,
biomass was washed several times using sterile dis-
tilled water and dried under sunlight for 3 d. To pre-
pare the modified biomass, L. minor was immersed in
0.1 M HCl for 5 h. Finally, modified L. minor was
washed with distilled water several times and dried
[43]. After drying, all the adsorbents were straitened
to obtain particle size of 2 mm to use for adsorption
studies.

2.2. Adsorption experiments

All experiments were conducted in batch system
using a 250 mL reactor containing 100 ml of experi-
mental solution, at 25˚C. Seventeen biosorption experi-
ments designed by response surface methodology
(RSM) were performed at the equilibrium time of
40 min, to investigate the influence of solution pH, ini-
tial phosphorus concentration, and the dosage of
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modified L. minor on phosphorus removal. A
phosphorus stock solution (100 mg/L) was prepared
by dissolving KH2PO4 salt (analytical reagent grade)
in double-distilled water. The experimental solution
was prepared by diluting the stock solution to desired
concentration using distilled water. Samples with dif-
ferent modified L. minor contents were agitated on the
shaker at 200 rpm. The pH values of solutions were
adjusted with 1 M HCl and 1 M NaOH solutions. All
reagents were of analytical grade. Distilled water was
used through all the experiments. Samples were sepa-
rated through 0.45-μm filters at the end of agitation
period. The residual phosphate concentrations were
determined using the method of the reduction of
Molybdophosphate and detected at a wavelength of
470 nm by a Vis spectrophotometer (Shimadzo-1700,
Japan). Phosphorus biosorption by modified L. minor
was determined as according Eq. (1):

QE ¼ ðC0 � CtÞ � 100

C0
(1)

where QE is the percentage of phosphorus adsorbed
by biomass, C0 is the initial concentration of phospho-
rus in mg/L and Ct is the final concentration of
phosphorus in mg/L.

2.3. Response surface methodology

RSM is an approach that joins mathematical and sta-
tistical tools and techniques, and is valuable for devel-
oping, improving, and optimizing the processes [44]
and could evaluate the relative significance of several
affecting factors even in the presence of complex inter-
actions. Other advantage of the RSM is the reduction in
number of experiments when there are several factors
incorporated in the study. The present study, aims to
investigate the effect of independent variables on the
response functions and investigate the optimum condi-
tion for the biosorption of phosphorus by modified L.
minor. Box–Behnken design (BBD) and RSM from R
statistic software, package of RSM 2.6 were used for
designing and optimizing variables [45]. BBD of three
independent variables with three levels for any variable
as low (−1), medium (0), and high (+1) was used to find
the optimum pH, biosorbent dose, and initial phospho-
rus concentration. This practice makes designs with
desirable statistical properties, but, most importantly,
with only a fraction of the trials required for a 3-level
factorial. Since there are only three levels, the quadratic
model is suitable. The number of experiments required
for BBD can be calculated as follows:

N ¼ k2 þ k þ cp (2)

where N is the total number of experiments, k is the
number of variables and cp is the replicate number of
the central point. Therefore, in this study, 17 runs for
a three-parameter experimental design were required
by BBD. In the BBD model, pH of (3–7), initial phos-
phorus concentration of (10–20 mg/L), and adsorbent
concentration of (2–6 g/L) were taken as input vari-
ables. In the RSM, each response Y can be represented
by a mathematical equation to correlate the dependent
and independent variables. For better accuracy, the
second-order polynomial regression model equation
was widely used to fit the experimental data and
simultaneously to solve multivariate equations, to
optimize the processes and the products [15,46,47].
The second-order polynomial regression model equa-
tion is expressed as:

Yi ¼ b0 þ
X

bixi þ
X

biix
2
i þ

X
bijxixj þ e (3)

where Y is the predicted response associated with
each factor level combination, β0 is the intercept term,
βi is the slope or linear effect of the input factor xi, βii
is the quadratic effect, βij is the linear interaction effect
between input factors, and ε is the residual term.

3. Results and discussion

3.1. Model fitting and statistical analysis

For statistical calculations, each factor was coded
at three levels according to the following equation:

xi ¼ Xi � X0

DX
(4)

where xi is the code for the real values (Xi); X0 is the
value of Xi at the center point, and ΔX represents the
step change. Table 1 displays the coded and uncoded
levels of these independent variables. The response sur-
face regression results from BBD are shown in Table 2.

By using multiple regression analysis on the exper-
imental result, the quadratic polynomial model for the
predicted biosorption of phosphorus basis coded val-
ues was shown as below:

Y ¼ 87:96 � 2:95X1 þ 3:50X2 þ 0:89X3 � 20:11X2
1

� 2:92X2
2 � 2:21X2

3 þ 0:66X1X2 þ 0:21X1X3

þ 2:1X2X3

(5)
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The validity of the models was tested with analysis
of variance (ANOVA) of regression variables of the
predicted response surface quadratic model and pre-
sented in Tables 3 and 4. The statistical significance
of all the terms of the model was tested by the F-
value and the p-value. The F-value is used as the
check for comparing the curvature variance with
residual variance. F-value from the model implied
the significance of the model similarity, and the value
of probability > F less than 0.05 indicated that the
model terms are significant. Table 4 shows ANOVA

for the response surface quadratic model. The F-
value (108.11) with a low probability > F (<0.0001)
indicates that model terms are significant for the
regression model. The values of R-squared (R2) and
adjusted R-squared (Adj. R2) were 0.978 and 0.951,
respectively, which indicates a high correlation
between the observed and the predicted values. It
could be seen from Table 3, that the first-order effects
of pH (X1) and initial phosphorus concentration (X2)
are highly significant compared to the first-order
effect of adsorbent concentration (X3). Even the

Table 1
Experimental factors in coded units and experimental responses

S. no. Variable Name
Variable level

−1 0 +1

1 X1 pH 3 5 7
2 X2 Initial phosphorus concentration (mg/L) 10 15 20
3 X3 Adsorbent concentration (g/L) 2 4 6

Table 2
Experimental design matrix and results

Run no. Std. order
Coded variable Actual variable Response

x1 x2 x3 x1 x2 x3 Experimental Predicted Residual

1 8 1 0 1 7 15 6 63.86 87.74 −0.35
2 3 −1 1 0 3 20 4 73.4 68.38 −0.79
3 7 −1 0 1 3 15 6 67.6 78.8 1.912
4 5 −1 0 −1 3 15 2 67.85 61.05 −1.911
5 13 0 0 0 5 15 4 88.11 87.74 0.37
6 11 0 −1 1 5 10 6 80.71 87.74 −0.62
7 4 1 1 0 7 20 4 67.1 87.74 0.559
8 6 1 0 −1 7 15 2 63.25 83.74 0.824
9 9 0 −1 −1 5 10 2 81.54 82.62 −1.89
10 16 0 0 0 5 15 4 87.02 62.16 −0.294
11 17 0 0 0 5 15 4 89.21 89.12 −0.794
12 1 −1 −1 0 3 10 4 64.1 87.74 0.055
13 15 0 0 0 5 15 4 89.1 62.44 0.812
14 10 0 1 −1 5 20 2 80.73 66.54 0.312
15 12 0 1 1 5 20 6 88.32 65.65 1.454
16 2 1 −1 0 7 10 4 55.13 66.21 −2.049
17 14 0 0 0 5 15 4 86.4 70.81 2.675

Table 3
ANOVA results for the response surface quadratic model for phosphorus biosorption

Source of variations Degrees of freedom Sum of squares Mean square F-value Prob. (>F)

Regression 9 2,015.8 671.94 108.11 <0.0001
Residual 7 43.53 6.21
Total 16 2,059.33
Lack of fit 3 37.3 8.08 8.01 0.036
Pure error 4 6.2 1.55
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first-order effect of adsorbent concentration (X3) was
not the significant term.

An interaction term coefficient of phosphorus con-
centration and adsorbent concentration (X2X3) was sta-
tistically significant due to very small p-values
(p < 0.05) which indicate that these terms were impor-
tant to the biosorption of phosphorus. The second-
order effect of pH (X2

1) was much significant com-
pared to phosphorus concentration (X2

2) and adsorbent
concentration (X2

3) as suggested by the model. The p-
values in the second-order effect of adsorbent concen-
tration (X2

3) was not significant (p > 0.05). Optimum
operating parameters were found to maximize the
biosorption of phosphorus from quadratic model
equations. Optimum operating parameters of medium
pH, initial phosphorus concentration, and adsorbent
concentrations were 4.8, 19 (mg/L), and 5.15 (g/L),
respectively. The biosorption of phosphorus efficiency
under the evaluated optimum experimental conditions
was 89.2%, which was in good agreement with the
predicted value of 90.2%, suggesting that the model
was reliable in this study (Fig. 1).

3.2. Response surface plots

In order to explain the interaction effect of
variables in the phosphorus biosorption, the three-
dimensional (3D) plots for the predicted responses
were illustrated.

The effect of initial phosphorus concentration and
pH in agitation time of 40 min on the biosorption of
phosphorus by modified L. minor is shown in
Fig. 2(a). It shows that biosorption efficiency increases
with increasing phosphorus concentration up to
10–20 mg/L.

Maximum percentage biosorption of phosphorus
>80% was acquired at pH 5 and high initial phospho-
rus concentration (20 mg/L), as observed by several
workers [24,48]. This phenomenon is mainly attributed
to an increase in the adsorbable surface area and the
accessibility of further adsorption sites. The adsorption
of phosphorus most likely occurs via surface exchange
reaction until the surface efficient sites are completely
occupied. Subsequently, the phosphorus molecules
diffuse into the pores of the modified L. minor for pro-
moting reactions. As shown in Fig. 2(a), biosorption
efficiency is found to decrease when moving away
from these points, since either increase or reduction in
the pH value results in turn down of the biosorption
efficiency.

Thermodynamic studies revealed that depending
on the aqueous solution pH, various forms of phos-
phorus can be predominant, such as H3PO4, H2Po

�
4 ,

HPo2�4 and Po3�4 . As shown in Fig. 2(a) and (b), at ini-
tial pH values 3.0–5.0, the biosorption of phosphorus
increased, whereas above 5.0, the biosorption effi-
ciency decreased. At a low initial pH in the solution,
protons can compete with H3PO4 for the active sites in
the surface of modified L. minor, that is predominant
in pH of 3, resulting active sites in adsorbents surface
decrease at a low pH, so the biosorption capacity of
phosphate decrease. On the other hand, in the higher

Table 4
Estimated regression coefficient and corresponding t and p-value

Model term Coefficient estimate Standard error t-value p-value

Intercept 87.96 1.11 78.90 <0.0001
X1 −2.95 0.88 −3.34 0.012
X2 3.50 0.88 3.98 0.005
X3 0.89 0.88 1.00 0.34
X1X2 0.66 1.24 0.535 0.60
X1X3 0.21 1.24 0.17 0.86
X2X3 2.10 1.24 1.68 0.035
X2

1 −20.11 1.21 −16.55 <0.0001
X2

2 −2.92 1.21 −2.40 0.046
X2

3 −2.21 1.21 −1.82 0.11

Fig. 1. Comparison of experimental (%) vs. predicted (%)
data by RSM.
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pH due to high concentration of hydroxide groups,
which competed strongly with phosphate for binding
to the active sites, biosorption efficiency decreased.
Also, the main phosphate group at pH > 7 is H2Po

�
4 ,

which have a higher appeal for the biosorption in
modified L. minor [49]. Therefore, the nature of the
phosphorus species is the key factor in the high-phos-
phorus biosorption efficiency at lower pH.

Fig. 2(b) reveals the interaction effect between pH
and biomass dose has similar trend as observed for bio-
mass dose. At pH 5, increasing biomass dose had a
slight negative effect on biosorption of phosphorus, but
at lower and higher pH values the trend of biosorption
was decreased. The maximum value of biosorption
determined was >80% at pH 5 and 6 g/L of modified L.
minor. Fig. 2(c) represents the surface plot indicating
effects of biomass dose and initial phosphorus concen-
trations on phosphorus biosorption. In similar studies,
maximum adsorption of phosphorus for red mud and
pumice in pH ranging from 5 to 7, and 6.5 for activated
alum were achieved [18,24,50]. It shows that biosorp-
tion increases with increasing phosphorus concentra-
tion up to 10–15 mg/L and afterward shows a slight
decrease in low dose of adsorbent. A similar trend was
also observed in low dose of adsorbent. At higher con-
centration with increasing phosphorus concentration
and adsorbent dose, maximum phosphorus biosorption
was achieved.

3.3. Biosorption isotherms

In order to estimate the maximum biosorption
capacity, numerous sorption isotherm models were
used to explain the adsorption process. Among all the
available models, Langmuir 1 and 2, Freundlich and
Temkin adsorption isotherms were tested for

equilibrium description at ambient temperature. To
study the equilibrium adsorption isotherm, experi-
ments were performed with adsorbent dosage of 4 g/L
and initial phosphorus concentrations of 10–20 mg/L
for 120 min contact time at pH 5, temperature of 25˚C,
and 200 rpm. Table 5 shows the equations and parame-
ters obtained for the different investigated isotherm
models. Where in Langmuir model, qe is the amount of
phosphorus adsorbed by modified L. minor at equilib-
rium concentration of phosphorus (Ce), qm and b are the
Langmuir constants representing adsorption capacity
and Langmuir constant energy of adsorption, respec-
tively. In Freundlich isotherm, KF and n are the Fre-
undlich constants representing the adsorption capacity
and adsorption intensity that informs about the hetero-
geneity characteristic of the surface sites, respectively.
In Temkin isotherm, Kt is the Temkin isotherm equilib-
rium binding constant (L/g) and B1 is a constant related
to heat of sorption (J/mg). Fig. 3 shows a plot of the iso-
therm models for the biosorption of phosphorus onto
modified L. minor. According to the coefficients in
Table 5, the R2 values obtained for the Freundlich,
Langmuir 1 and 2, and Temkin isotherm models were
0.96, 0.991, 0.88, and 0.98, respectively. Thus, biosorp-
tion of phosphorus nicely fitted with the Langmuir 1
isotherm model. These results comply with other stud-
ies on phosphorus adsorption by modified pumice [50],
modified activated alumina [51], modified and nanoze-
olite Y [52]. Also, the maximum biosorption capacity
(qm) was obtained as 2.02 mg/g for modified L. minor.
In similar studies, The biosorption capacity (qm) for
other adsorbent’s for phosphorus adsorption were
0.58 mg/g for red mud [53], 1.6 mg/g for FO36 [19] and
16.6 mg/g for hydrous niobium oxide [27].

Further, a dimensionless constant can be expressed
in terms of a dimensionless constant separation factor

Fig. 2. 3D response surface plot. Interaction plot of (a) phosphorus concentration and pH, (b) biomass dose and pH, and
(c) phosphorus concentration and biomass dose, on phosphorus biosorption efficiency.
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(RL), also calculated to test the favorability of adsorp-
tion by the following relationship:

RL ¼ l

lþ bC0
(6)

where C0 is the initial phosphorus concentration
(mg/L) and b is the Langmuir isotherm constant. The

value of separation parameter RL presents important
information about the nature of adsorption. The value
of RL signified the type of Langmuir isotherm to be
irreversible (RL = 0), favorable (0 < RL < 1), linear
(RL = 1) or unfavorable [54,55]. The values of the sepa-
ration factor RL are between 0 and 1 indicating favor-
able adsorption of phosphorus onto modified L. minor
(Table 5).

Table 5
Characteristics and isotherm constants for phosphorus biosorption by modified L. minor

Isotherm model Principle equation Linear equation Parameters

Freundlich qe ¼ KFC
1
n
e logðqeÞ ¼ logKF þ 1

n logCe

R2 0.96
KF (mg1–(1/n) L1/n g–1) 3.96
n 3.37

Langmuir 1 qe ¼ qmbCe

1 þ bCe

Ce

qe
¼ Ce

qm
þ 1

qmb
R2 0.991
qm (mg/g) 2.02
b (L/mg) 1.3
RL 0.048

Langmuir 2
1

qe
¼ 1

qmbCe
þ 1

qm
R2 0.87
qm 2.13
b (L/mg) 1.56
RL 0.040

Temkin qe ¼ RT

b1
lnðktCeÞ qe ¼ B1 lnðktÞ þ B1 lnðCeÞ R2 0.98

b1 (J/mol) 245
KT (L/mg) 99

Fig. 3. Langmuir 1 (a) and 2 (b), Freundlich (c) and Temkin (d) plot for phosphorus biosorption onto modified L. minor.
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3.4. Kinetic analysis

In order to investigate the biosorption mechanism
of phosphorus onto modified L. minor and rate con-
trolling steps that include mass transport and chemical
reaction processes, a kinetic modeling was tested;
pseudo-first- and pseudo-second-order kinetic models
have been used for testing experimental data. Adsorp-
tion kinetic experiments were fitted with linearized
forms of pseudo-first order (Eq. (7)) and pseudo-
second order (Eq. (8)) by 15 mg/L initial phosphorus
concentration with modified L. minor dosage of 5 g/l
at pH 5 for different contact times 0–120 min and
shaking speed of 200 rpm.

logðqe � qtÞ ¼ log qe � k1
2:303

t (7)

t

qt
¼ 1

k2q2e
þ 1

qe
t (8)

where qe and qt are the adsorption amount (mg/g) at
equilibrium and any time t, respectively, k1 (g/mg/
min) the rate constant in the pseudo-first-order
adsorption process and k2 (g/mg/min) the rate con-
stant for the pseudo-second-order adsorption reaction.
The adsorption rate constant (k1) for phosphorus

biosorption was determined experimentally by plot-
ting log (qe − qt) vs. t that is shown in Fig. 4(a). In the
latter case, kinetic data were plotted between t/qt and
t (Fig. 4(b)). It is evident from the plots that the corre-
lation coefficient (R2) obtained from the figure was
close to 1.0, showing that the phosphorus biosorption
processes by modified L. minor is an excellent fit with
the pseudo-second-order model. The kinetic rate con-
stants such as: the k2, regression cefficients, R2, the
experimental (qeq,exp) and calculated (qeq,cal) equilib-
rium uptake values obtained from second-order
kinetic model are given in Table 6.The calculated
value of qe was 3.43 mg/g, agreeing with the experi-
mental value 3.6 mg/g. This result further confirmed
that the adsorption process of phosphorus by modi-
fied L. minor followed a pseudo-second-order reaction
mechanism, and the adsorption rate was mainly con-
trolled by the chemical bonding or chemisorptions.
Similar results were also found in some other adsorp-
tions of phosphorus by pumice [18], red mud [53],
ZnCl2-activated coir pith carbon [56], and calcined
alunite [57].

3.5. Characterization

The scanning electron microscopy (SEM) image of
the modified L. minor before and after biosorption of

Fig. 4. Adsorption kinetic plots for biosorption of phosphorus on modified L. minor: (a) pseudo-first-order kinetics and
(b) pseudo-second-order kinetics.

Table 6
Kinetic parameters obtained from pseudo-second-order model for biosorption of phosphorus by modified L. minor

Initial phosphorus conc. (mg/L) qe,exp (mg/g)

Second-order model

K2 qe,cal (mg/g) R2

15 3.6 0.077 3.43 0.997
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phosphorus is shown in Fig. 5. The SEM images indi-
cated good organization and uniform porosity, large
and a series of irregular cavitations distributed around
the surface on the sample surface of modified L. minor
that provides large surface area for adsorption. How-
ever, no significant changes occurred in morphology
of the adsorbent surface after phosphorus biosorption.
For further characterization, the FTIR of the modified
L. minor before and after the biosorption of the phos-
phorus are shown in Fig. 6(a) and (b), respectively.
The characteristic peaks at around 1,615 and
1,055 cm−1 assigned to the amino and hydroxyl
groups, respectively, both shifted to 1,628 and
1,033 cm−1 wave number, respectively and the intensi-
ties of the two peaks became stronger. The presence of
absorption bands at 3,645 and at 2,834 cm−1 are due to
the presence of H-bridges [58].

4. Conclusion

In this study, the biosorption of phosphorus on
modified L. minor have been carried out. The RSM
involving BBD and regression of analysis is used in
finding the effect of the input variables (pH, biosor-
bent dosage, phosphorus concentration) with the
percentage of phosphorus biosorption.

The second-order polynomial equation model
whose validity is agreed upon is estimated using

Fig. 5. Morphological (SEM image) details of modified L. minor before (a) and after (b) phosphorus biosorption.

Fig. 6. FTIR spectra of modified L. minor before (a) and
after (b) phosphorus biosorption.
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ANOVA statistical testing, found pH, initial phospho-
rus concentration, interaction of phosphorus, and
adsorbent concentration and the second-order effect of
pH was found to have a significant effect on the
biosorption of phosphorus. The optimum biosorption
conditions were determined as initial pH 4.8, initial
phosphorus concentration 19.3 mg/L, biosorbent con-
centration 5.15 g/L. Maximum biosoption of phospho-
rus was observed to be 89.2% under optimum
experimental conditions. The results indicate that
modified L. minor is an effective biosorbent for phos-
phorus removal. The results of equilibrium adsorption
were fitted to different isotherm equations. The Lang-
muir isotherm model is in good agreement with the
equilibrium data since it presents higher R2 values
than others. Different kinetic models were also tested,
and the pseudo-second-order model was found to be
the applicable kinetic model in the present study.
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