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Isotherm Study of Phosphorus Uptake from
Aqueous Solution Using Aluminum Oxide

Aluminum oxide, which could be an alternative filter media for phosphorus uptake
from aqueous solution, was selected as an adsorbent for the isotherm study of phos-
phorus uptake from aqueous solution. Batch method was adopted to investigate the
adsorption behavior of phosphorus onto aluminum oxide. The Langmuir, Freundlich,
and Redlich-Peterson isotherms were used to analyze the experimental data by both
the linear and nonlinear regression methods. The adsorption experiment was con-
ducted at various temperatures, to choose the appropriate method and obtain the
creditable adsorption parameters for phosphorus uptake studies. The results indicated
that the nonlinear regression method might be a better way to compare the best-fitting
isotherm and obtain the parameters for the adsorption of phosphorus onto aluminum
oxide. Both the Redlich-Peterson and the Freundlich isotherms have high coefficients
of determination for the adsorption of phosphorus onto aluminum oxide at various
temperatures. In addition, a new relationship between the Redlich-Peterson and the
Freundlich isotherm parameters was presented.
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1 Introduction

Phosphorus is considered to be the significant nutrient causing
water pollution. Phosphorus removal mechanism from aqueous
solution includes adsorption, desorption, precipitation, leaching,
uptake, fragmentation, mineralization, sedimentation, and burial
[1, 2]. Adsorption equilibrium studies are always conducted to help
researchers investigate the adsorption characteristic and capacity of
phosphorus onto filter medium [3, 4]. The previous adsorption equi-
librium studies are usually based on linear regression method, but it
has also been presented that using this linear regression method for
comparing the bestfitting isotherms is not appropriate [5]. The
adsorption behaviors by using aluminum oxide (Al,05) as adsorbents
in various solvents have been earlier studied for several decades [6, 7].
In recent years, Bushey and Dzombak [8] used aluminum oxide as an
adsorbent for removal of ferrocyanide from aqueous solution and
found that ferrocyanide could be adsorbed by aluminum oxides
significantly. A batch method was also employed to study the adsorp-
tion behavior of Cr(VI) from synthetic solutions on aluminum oxide,
and the Langmuir isotherm was found to describe the adsorption
process well [9].

In this study, Al,03, which could be an alternative filter media for
phosphorus uptake from aqueous solution, was selected as an
adsorbent to investigate its adsorption characteristic of phosphorus.
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The Langmuir, Freundlich, and Redlich-Peterson isotherms were
used by the linear and nonlinear regression methods. The aims of
this study were to compare these two regression methods, choose the
appropriate method, and then obtain the creditable adsorption
parameters for Al,0; adsorption equilibrium studies.

2 Materials and Methods

A commercial Al,O3 powder, available in Nanjing, Jiangsu Province,
People’s Republic of China, was applied in this study. It was analyzed
for particle size distribution by using laser diffraction particle size
analyzer, Malvern ZetaSizer 3000. The X-ray fluorescence spectro-
meter, Bruker AXS S4 Pioneer was used for the composition analysis.

A synthetic phosphorus solution comprising distilled water and
potassium dihydrogen phosphate was used. The concentrations of
solutions were calculated as phosphorus subsequently and the phos-
phates hereinafter collectively referred to as the “phosphorus.” A
stock solution of 500 mg/dm® was prepared by dissolving a weighed
amount of phosphorus in 1000 mL of distilled water. The experimen-
tal solution was prepared by diluting the stock solution with dis-
tilled water when necessary. A phosphorus solution of 50 mL with a
concentration ranging from 10 to 150 mg/dm® was placed into
several 150 mL conical flasks. A weighed amount (0.1 g) of the
Al,05; was added to the solution. The conical flasks were then shaken
at a constant speed of 170 rpm in a shaking water bath at tempera-
tures of 283, 293, 298, 303, and 308 K, respectively. After shaking
the flasks for 12 h, the Al,O; powders were separated by centrifu-
gation. The phosphorus solution was analyzed for the remaining
phosphorus concentration with ammonium molybdate spectropho-
tometric method by a spectrophotometer. The amount of
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phosphorus adsorbed onto Al,03 was calculated by using the follow-
ing expression:
(Co — Ce)V

g =2t (1

where g. was the equilibrium adsorption capacity of phosphorus
adsorbed on unit mass of the Al,0; (mg/g); C, was the initial phos-
phorus concentration (mg/dm®); C. was the phosphorus concen-
tration at equilibrium (mg/dm®); V was the volume of the
phosphorus solution (dm?®); and m was the weight of Al,O; (g).

The analysis of the isotherm data is important to develop an
equation which accurately represents the results and could be used
for design purposes. In order to investigate the adsorption isotherm,
three equilibrium isotherms were analyzed: the Langmuir,
Freundlich, and Redlich-Peterson, respectively.

The Langmuir adsorption isotherm is perhaps the best known of
all isotherms describing adsorption [10]. The theoretical Langmuir
isotherm is often used to describe adsorption of a solute from a
liquid solution as Eq. (2) [11]:

- qmKaCe

= 2
1+ K,Ce @)

e

where ¢, is the equilibrium adsorption capacity (mg/g); C. is the
equilibrium liquid phase concentration (mg/dm?®); g., is the maxi-
mum adsorption capacity (mg/g); K, is adsorption equilibrium con-
stant (dm>/mg).

The Freundlich isotherm is the earliest known relationship
describing the adsorption isotherm [12]. This fairly satisfactory
empirical isotherm can be used in adsorption from dilute solutions.
The ordinary adsorption isotherm is expressed by the following
equation:

e = KeC/™ (3)

where C, is the equilibrium concentration in the solution (mg/dm?®);
de is the equilibrium adsorption capacity (mg/g); Ky and 1/n are
empirical constants. K¢ is the adsorption value, the amount adsorbed
at unit concentration, that is, at 1 mg/dm?®. It is characteristic for the
adsorbent and the adsorbate adsorbed.

The Redlich-Peterson isotherm contains three parameters and
incorporates the features of the Langmuir and the Freundlich iso-
therms [13]. It can be described as follows:

ACe

_ 4
Qe =17 pce “

where ¢, is the equilibrium adsorption capacity (mg/g) and C. is the
equilibrium liquid phase concentration (mg/dm?). It has three iso-
therm constants, namely, A, B, and g (0 < g < 1).

The coefficient of determination, r*, between the experimental
data and isotherms is used to test the best-fitting isotherm [14]. The
coefficient of determination r* is defined as:

2= > (@m — q—e)z )

> (Gm — @)2 +>° (@m — qe)z

where ¢, is the equilibrium capacity obtained from the isotherm
(mg/g); ge is the equilibrium capacity obtained from experiment
(mg/g); and ¢, is the average of q. (mg/g).
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3 Results and Discussion
3.1 Properties of Al,O; Powder

The particle size distribution of Al,0; was as follows: 315-405 nm
(66.4%), 405-500 nm (33.6%), respectively. The average size was
395.6 nm. The result of XRF analysis is shown in Tab. 1.

3.2 Comparison of Linear and Nonlinear
Regression Methods

Linear least-squares regression method and trial-and-error nonlinear
regression method using the solver add-in with Microsoft’s spread-
sheet, Microsoft Excel, both used to obtain the isotherm parameters,
were discussed [14]. These two methods were used to compare the
best fitting of three isotherms. The Langmuir isotherm could be
linearized as four different types, while the Freundlich isotherm
had two different types usually (Tab. 2) and simple linear regression
would result in different parameter estimates [14-16]. The more
popular linear forms used are Langmuir-1 and Freundlich-1. In order
to assess different isotherms and their performance to correlate with
experimental results, the theoretical plots from each isotherm are
shown with the experimental data for adsorption of phosphorus
onto Al,O3 at various temperatures. The isotherm was plotted in the
form of phosphorus adsorbed per unit mass of Al,O3, q. against the
concentration of phosphorus remaining in solution, C.. Figure 1
compares the Langmuir isotherms obtained by using the regression
method with four linear and the nonlinear isotherms for the adsorp-
tion of phosphorus onto Al,O; at a temperature of 303 K. The
experimental data fitted better in case of the Langmuir-1 than other
three linear results. Figure 2 shows three widely used isotherms by
using the nonlinear regression method with the experimental data
for the adsorption of phosphorus onto Al,0; at a temperature of
303 K. Values of the coefficient of determinations, r*, obtained by
using both the linear and nonlinear regression methods, are pre-
sented in Tab. 3 for the adsorption of phosphorus onto Al,0O; at
temperatures of 283, 293, 298, 303, and 308 K, respectively. These
values of the coefficient of determinations obtained from linear
Langmuir-1 were calculated to be 0.995, 0.992, 0.990, 0.993, and
0.992, respectively. The result indicated that there was strong
positive evidence that the adsorption of phosphorus onto Al,O3
followed the Langmuir isotherm using the result of Langmuir-1
linear regression method. The Langmuir isotherm parameters
obtained from various linear forms were significantly different
(Tab. 3). It indicated that transformations of the nonlinear
Langmuir isotherm to the linear forms implicitly altered the error
structure and might also violate the error variance and normality
assumptions of the standard least-squares method [5, 17]. Using
different linear forms of the Langmuir equation for the linear
analysis would significantly affect the calculations of Langmuir
parameters. Two Freundlich linear forms were also analyzed, using
the same set of experimental data, by plotting log q. versus log C.

Table 1. Main chemical compositions of Al,O3.

Composition Percent (%) Composition Percent (%)
Al,O; 86.3 MgO 0.389

CO, 7.93 SO3 0.359

CaO 3.19 Na,O 0.114

Sio, 0.727 Fe,03 0.0935

Cl 0.713
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Table 2. Isotherms and their linear forms.
Isotherm Linear form
. qmKaCe . Ce 1 1
Langmuir = Langmuir-1 —=—0C+
g de 1+ K,Ce g de (dm ¢ KaGm
Langmuir-2 1*( 1 >1+ !
qe Kan CE Qm
. 1
Langmuir-3 Qe = qm — (K_a) g_i
: e
Langmuir-4 .= adm — Kage
e
1
Freundlich Ge = ke Freundlich-1 log(qe) = log(Kr) + Elog(Ce)
1
Freundlich-2 In(qe) = In(K¢) + Eln(Ce)
. AC. Ce
Redlich-Peterson =— InfA——1) =gln(C In(B
% =17 BcE (A%-1) —gimico + e

and 1n g, versus In C., respectively. The Freundlich isotherm con-
stants, K, 1/n, and the coefficients of determination, %, are shown in
Tab. 4. The parameters obtained by using linear regression method
with Freundlich-1 and Freundlich-2 are equal, that was due to the
same error structures of the linear forms of the Freundlich isotherm.
Figure 3 shows that two Freundlich isotherm curves, obtained by
linear regression method with Freundlich-1 and Freundlich-2, are
overlapped. If just the linear form of Langmuir-1 was used for
comparison, Langmuir-1 should be more suitable for the experimen-
tal data than the Freundlich isotherms because of the higher value of
its coefficient of determinations (Tab. 3). In contrast, if using the
linear form of other Langmuir linear forms, the Freundlich iso-
therms were more suitable for the experimental data than the

30
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Langmuir non-linear
10 - —-—-Langmuir-1linear
------- Langmuir-2linear
5 -=--- Langmuir-3linear
——=Langmuir-4linear
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C. (mg/dm?)
Figure 1. Langmuir isotherms obtained using linear and nonlinear regres-

sion methods for the adsorption of phosphorus onto Al,O3 at temperature
of 303 K.
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Langmuir isotherms. This discrepancy was caused by the different
error structures between linear forms of Langmuir and Freundlich
isotherms. Such transformations of nonlinear isotherms to linear
forms implicitly altered their error structures [5, 17]. It seems that
using the linear regression method for comparing the best-fitting
isotherms was not appropriate for the adsorption study of phos-
phorus onto Al,O3.

The related isotherm parameters obtained by using the nonlinear
regression method is shown in Tab. 5. In the case of the Langmuir
isotherm, the results from the four linear Langmuir isotherms were
the same. When using the nonlinear regression method, there was
no problem with transformations of nonlinear Langmuir isotherm
to linear forms, because they had the same error structures. The

25
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15 4
El
£
£ ® T=208K
o
Langmuir nen-linear
10 1
—+— Freundlichnon-linear
© Redlich-Peterson non-linear
5 4
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C. (mg/dm®)

Figure 2. Isotherms obtained by using the nonlinear regression method for
the adsorption of phosphorus onto Al,O3 at a temperature of 298 K.
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Table 3. Coefficients of determination obtained by using the linear and nonlinear regression methods.

Method T (K) 283 293 298 303 308
Linear Langmuir-1 0.995 0.992 0.990 0.993 0.992
Langmuir-2 0.852 0.861 0.837 0.799 0.763
Langmuir-3 0.667 0.731 0.677 0.600 0.620
Langmuir-4 0.667 0.731 0.677 0.600 0.620
Freundlich-1 0.990 0.996 0.991 0.990 0.988
Freundlich-2 0.990 0.996 0.991 0.990 0.988
Redlich-Peterson 0.999 1.000 1.000 1.000 1.000
Nonlinear Langmuir 0.890 0.888 0.845 0.845 0.817
Freundlich 0.985 0.996 0.992 0.988 0.990
Redlich-Peterson 0.986 0.996 0.992 0.988 0.990
Table 4. Freundlich isotherm parameters obtained by using the linear regression method.
Linear form T (K) 283 293 298 303 308
Freundlich-1 1/n 0.212 0.214 0.188 0.179 0.152
K 6.92 8.58 10.6 11.0 154
r* 0.990 0.996 0.991 0.990 0.988
Freundlich-2 1/n 0.212 0.214 0.188 0.179 0.152
Kg 6.92 8.58 10.6 11.0 154
r 0.990 0.996 0.991 0.990 0.988

Langmuir parameters obtained from the nonlinear and linear
regression methods differed even when compared with the results
of Langmuir-1, which had the highest coefficient of determination
for any Langmuir isotherm (Tab. 3). Both the Redlich-Peterson and
the Freundlich isotherms had almost the same coefficients of deter-
mination which were higher than those of Langmuir isotherms
(Tab. 5). In addition the Redlich-Peterson and Freundlich isotherms
seemed to be the best-fitting models for the experiment results from
Fig. 2. Consequently, the Redlich-Peterson and Freundlich isotherms
were found to be the suitable isotherm for the adsorption system of
phosphorus onto Al,O;. Using different linear isotherm forms would
significantly affect the coefficient of determination and impact the
final determination of parameters, while the application of the
nonlinear regression method would avoid such errors.

As shown in Eq. (4), the Redlich-Peterson isotherm has three
isotherm constants, namely, A, B, and g (0 < g < 1), which charac-
terize the isotherm. Its limiting behavior is summarized.

Where g =1

AC,
=11 5c, (©)
i.e., the Langmuir form results. A = g, K, and B = K,.
where constants A and B are much greater than unity [5].
ACe A
= =—_C!"8 7
% =3¢z~ ple 7
i.e., the Freundlich form results. AB =Kz and 1 — g = 1/n.
where g =0
ACe
= 8
€ =175 ®)

i.e., the Henry’s Law form results. A/(1 + B) = Ky, Ky is Henry’s
constant.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2 shows the plots of experimental data also fitted well with
the Freundlich adsorption isotherm of phosphorus onto Al,O; at the
temperature of 298 K. Furthermore, compare Eq. (3) with Eq. (7), the
values of parameter “Kg” correlated well with “A/B” in a linear
relationship as A/B = 0.988Ky + 0.155 with 1.000 coefficient of deter-
mination, “1/n” correlated well with “1 — g” (r* = 0.988) in a linear
relationship as (1 — g) = 0.951 (1/n) + 0.00836. At the temperature
of 298 K (Fig. 2), the Redlich-Peterson and Freundlich isotherms
overlapped with coefficients of determination, +* = 0.992, which
were higher than the case of Langmuir (r* = 0.845). It indicated that
the Redlich-Peterson isotherm was approaching the Freundlich
form but not the Langmuir isotherm. Freundlich is a special case
of Redlich-Peterson isotherm when constants A and B were much

35
30
25
o 20
)
E
3 * T=308K
15
Freundlich non-linear
©  Freundlich-1
10 F
---==-= Freundlich-2
5 3
0 T T r r
Q 20 40 60 80 100
C. (mg/dm?)

Figure 3. Freundlich isotherms obtained using linear and nonlinear regres-
sion methods for the adsorption of phosphorus onto Al,O3 at temperature
of 308 K.
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Table 5. Isotherms parameters obtained by using the nonlinear regression method.

Nonlinear form T (K) 283 293 298 303 308
Langmuir qm (Mg/g) 14.8 20.7 21.5 24.3 31.1
K, (dm*/mg) 0.611 0.267 0.464 0.274 0.334
* 0.890 0.888 0.845 0.845 0.817
Freundlich 1/n 0.213 0.218 0.200 0.188 0.161
Ky 6.90 8.49 10.3 10.7 15.0
r 0.985 0.996 0.992 0.988 0.990
Redlich-Peterson G 0.793 0.782 0.800 0.812 0.839
B 64.6 2639 63 801 28 198 20 534
A 455 22 407 654 791 302 759 307 204
r 0.986 0.996 0.992 0.988 0.990
39 high coefficients of determination for the adsorption of phosphorus
- onto Al,O3 at various temperatures. A linear relationship was found
30 for Freundlich isotherm parameter “Kz” and Redlich-Peterson iso-
therm parameters “A/B” as well as “1/n”” and “1 — g”’ when these two
g8 4 isotherms were overlapped. The capacity of the Al,O3 for phosphorus
adsorption increased with the increase in temperature, higher tem-
peratures were suitable for phosphorus uptake from aqueous
20 1 solution using Al,Os.

T=308K

q.(mg/g)

15 1
+ T=303K
A T=288K
10 A
® T=203K
¢ T=283K

—— Redlich-Peterson non-linear

0 20 40 60 80 100
Ce (mg/dm?)

Figure 4. Comparison of Redlich—Peterson isotherms by using the non-
linear regression method for the adsorption of phosphorus onto Al,O3 at
various temperatures.

bigger than unity [5]. Moreover, the values of g were less than 0.839
and not close to unity. Unlike the linear analysis, different isotherm
forms would affect +* significantly, and impact the final determi-
nation of parameters while nonlinear regression methods would
prevent such errors.

3.3 Effect of Temperature on Equilibrium Isotherm

The effect of temperature on the adsorption isotherm is shown in
Fig. 4. The results showed that the capacity of the Al,O; for phos-
phorus adsorption increased with the increase in temperature. It
indicated that higher temperatures were suitable for phosphorus
uptake from aqueous solution using Al,0;.

4 Conclusion

It is not appropriate to use the coefficient of determination of the
linear regression method for comparing the bestfitting isotherms
for the adsorption of phosphorus onto Al,0;. The nonlinear
regression method is a better way to obtain the isotherm parameters
for this system. Both the Redlich-Peterson and the Freundlich have

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Acknowledgments

Liang Zhang would like to thank the Knowledge Innovation Program
of the Chinese Academy of Sciences (Grant Nos. kzcx2-yw-141 and
0909181018).

The authors have declared no conflict of interest.

References

[1] D. A. Hammer, R. K. Bastian, Wetlands Ecosystems: Natural Water
Purifiers, in Constructed Wetlands for Wastewater Treatment (Ed: D. A.
Hammer), Lewis Publishers, Chelsea, MI 1989.

[2] J. Vymazal, Removal of Nutrients in Various Types of Constructed

Wetlands, Sci. Total Environ. 2007, 380, 48-65.

D.C.Seo,].S.Cho, H.]. Lee, J. S. Heo, Phosphorus Retention Capacity

of Filter Media for Estimating the Longevity of Constructed

Wetland, Water Res. 2005, 39, 2445-2457.

[4] M. Kumar, L. Philip, Adsorption and Desorption Characteristics of
Hydrophobic Pesticide Endosulfan in Four Indian Soils, Chemosphere
2006, 62, 1064-1077.

[5] Y.S. Ho, Selection of Optimum Sorption Isotherm, Carbon 2004, 42,
2115-2116.

[6] A. Magnus, H. Windeck, Concerning the Adsorption of Ethylene in

Charcoal, Silicic Acid Gel and Aluminum Oxide, Z. Phys. Chem. A

1931, 153, 113-126.

G. F. Huttig, E. R. Kurschner, On the Adsorption Rates of Aluminum

Oxide in Various Solvents, whereby the Oxide is Heated in Basic

Aluminum Acetates in the Presence of Different Gases, Kolloid Z.

1937, 81, 40-45.

[8] J. T.Bushey, D. A. Dzombak, Ferrocyanide Adsorption on Aluminum

Oxides, J. Colloid Interface Sci. 2004, 272, 46-51.

E. Alvarez-Ayuso, A. Garcia-Sanchez, X. Querol, Adsorption of Cr(VI)

from Synthetic Solutions and Electroplating Wastewaters on

Amorphous Aluminum Oxide, J. Hazard. Mater. 2007, 142, 191-198.

[10] I Langmuir, The Adsorption of Gases on Plane Surfaces of Glass Mica

and Platinum, J. Am. Chem. Soc. 1918, 40, 1361-1403.
[11] Y.S.Ho, C. T. Huang, H. W. Huang, Equilibrium Sorption Isotherm
for Metal Ions on Tree Fern, Process Biochem. 2002, 37, 1421-1430.

[3

[7

9

www.clean-journal.com



836 L. Zhang et al.

[12] H.M.F. Freundlich, Uber die Adsorption in Losungen, Z. Phys. Chem.
(Leipzig) 1906, 57A, 385-470.

[13] O. Redlich, D. L. Peterson, A Useful Adsorption Isotherm, J. Phys.
Chem. 1959, 63, 1024.

[14] Y. S. Ho, Isotherms for the Sorption of Lead onto Peat: Comparison
of Linear and Non-linear Methods, Pol. J. Environ. Stud. 2006, 15,
81-86.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Clean — Soil, Air, Water 2010, 38 (9), 831-836

[15] D. G. Kinniburgh, General Purpose Adsorption Isotherms, Environ.
Sci. Technol. 1986, 20, 895-904.

[16] E.Longhinotti, F. Pozza, L. Furlan, M. D. N. D. Sanchez, M. Klug, M. C.
M. Laranjeira, V. T. Favere, Adsorption of Anionic Dyes on the
Biopolymer Chitin, J. Braz. Chem. Soc. 1998, 9, 435-440.

[17] D. A. Ratkowsky, Handbook of Nonlinear Regression Models, Marcel
Dekker, Inc., New York 1990.

www.clean-journal.com



