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Phosphorus (P) is considered the leading cause of eutrophication in natural
water and has received considerable attention recently from the scientific
community. In this study, P removal from aqueous solutions was investigated
using bentonite, kaolinite, calcite, and zeolite mineral adsorbents modified
with extract of walnut shell and wheat straw, chitosan, sodium carboxymethyl
cellulose (CMC), and malic acid. Phosphorus sorption was evaluated using
adsorption isotherms equations. Modified adsorbents with chitosan obtained
the maximum sorption capacity of P. The results showed that P sorption
capacity by Chitosan-adsorbents including bentonite (0.35 mg/g), calcite (2.09
mg/g), kaolinite (0.41 mg/g) and zeolite (0.43 mg/g) was improved by ~ 129,
102, 128 and 119%, respectively compared with unmodified adsorbents
(bentonite (0.27mg/g), calcite (2.04 mg/g), kaolinite (0.32 mg/g) and zeolite
(0.36 mg/g). Langmuir and Freundlich models were used to simulate the
sorption of P on modified adsorbents. The double layer model (DLM) could
predict P adsorption by modified adsorbents over a wide pH range and varying
ionic strength. Thermodynamic parameters showed that the nature of P
adsorption by these adsorbents was non-spontaneity nature.
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\4 Effect of pH and lonic Strength on Removal of Phosphorus Efficiency

EXTENDED ABSTRACT

Introduction

Phosphorus (P) is a naturally occurring element
found in the earth’s crust, water, and all living
organisms. The benefits of adsorption technology
are its high efficiency, easy handling, availability
of different adsorbents, and cost-effectiveness.
Various types of adsorbent, such as zeolite, fly
ash, blast furnace slag, steel furnace slag,
aluminum, and iron oxides have been widely
investigated in recent years. Numerous
researchers have modified the surface of
adsorbents to achieve better P removal from
wastewater. Previous studies have indicated that P
adsorption is dependent on ionic strength and pH.
Surface complexation models (SCMs) have been
highly successful in describing the sorption of P
onto adsorbents under varying pH and ionic
strength. Of the most commonly used SCMs, the
double-layer model (DLM) is the best option for
modeling metal adsorption due to the small
number of required parameters compared to other
SCMs. To our knowledge, there are limited
reports of the application of SCMs to describe P
sorption as a function of pH and ionic strength on
modified adsorbents. The objective of this study
was to examine the feasibility of using modified
adsorbents for P removal from aqueous solution.
Effects of pH and ionic strength on P adsorption
capability were also investigated using DLM.

Material and Methods

The tested adsorbents in the present investigation
were minerals (i.e., bentonite, calcite, kaolinite,
and zeolite). Extract of walnut shell and wheat
straw, chitosan, sodium carboxymethyl cellulose
(CMC), and malic acid were used to modify
mineral adsorbents. The P solutions were prepared
by diluting the stock solution of 1000 mg/l
(calculated as P, prepared by dissolving KH>PO4
in de-ionized water) to desired concentrations.
The adsorption isotherms of the P with modified
minerals were determined based on batch
analysis. Modified adsorbents were allowed to
equilibrate with solutions at different initial P
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concentrations as 0, 5, 50, 100, 150, 200, and 250
mg/l. Langmuir and Freundlich isotherm models
were used to fit the experimental data using the
nonlinear procedure with SigmaPlot statistical
software package version 11.0.

Desorption  experiments  were  performed
immediately following the completion of sorption
experiments. Desorbed P was calculated at the
desorption stage, and the amount of P still sorbed
on the clays at the desorption stage was calculated
as the difference between the initial sorbed
amount and the desorbed amount and called
retention. To investigate the influence of pH and
ionic strength on the P adsorption, experiments
were carried out by adding 1 g of the modified
mineral adsorbents into 50 ml centrifuge tubes
containing 10 ml of 50 mg P/ I solution. The ionic
strength of the solutions varied from 0.001 to 0.1
M by adding NaCl. The pH of the solutions was
adjusted with dilute HCI or/and NaOH solution in
the range of 2—10 for modified minerals. Then, the
P concentration in the supernatant solutions was
determined. For the sake of simplicity, the DLM
was applied to predict P adsorption over a wide
range of pH and varying ionic strength.
Adsorption edges for P on 100 g/l of modified
adsorbents were analyzed for a concentration of
50 mg/l of P. The change in free energy (AG),
enthalpy (AH), and entropy (AS) associated with
the adsorption process were calculated.

Results

Results of simulations of experimental data for P
sorption onto modified adsorbents using DLM are
shown in Fig. 1. The results indicated that the pH
was a significant parameter controlling the
process of adsorption, while the ionic strength had
little influence. All parameters needed for the
modeling (surface area, sorption site density and
surface complexation constants) were obtained by
fitting to the experimental data (Table 1). In the
case of modified minerals, results show that the
free energy of the process at all temperatures is
positive thus the sorption process is not
spontaneous.
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Fig. 1 Effect of pH and ion strength on P sorption onto (a) Chitosan-bentonite, (b) Chitosan-calcite, (c)
Chitosan-kaolinite and (d) Chitosan-zeolite. Filled and unfielled symbols represent experimental data and
modeling results, respectively

Table 1 Summary of the main parameters needed for modeling: (a) Properties of modified adsorbents and (b)

model parameters used to simulate P adsorption

Main parameters needed for modeling

Specific surface area (m?/g)

@) Site density (mmol/l)
Termodynamic equilibrium constant (log k)
1>SOH%*+ H" + PO43 «<>>SOP052°+ H,0
®) 2>SOH? + 2H' + PO43¢>>S0,P0O, 2+ 2H,0

2>SOH3 + 3H" + PO43<>>SO,POOH"!+ 2H,0O

C-B C-C C-K C-Z
85.3* 1.0 3.6 13.8
0.53 8.65 1.13 0.53
17.5 -0.8 20.8 20.5
22.7 -5.1 25.5 30.0
30.2 -6.2 32.6 35.5

* All of the data were obtained from fitting. C-B: Chitosan-bentonite; C-C Chitosan-calcite; C-K: Chitosan-

kaolinite; C-Z: Chitosan-zeolite

Conclusions

In this study, batch studies showed that Langmuir
and Freundlich models were well-described
sorption models of P onto modified mineral
adsorbents. Our results showed that Chitosan-
adsorbents had higher P sorption capacity among
investigated modified adsorbents. Mean adsorbed
P by Chitosan-adsorbents and unmodified
adsorbents had not significantly different. In
addition, the results of this study demonstrated
that at different pH, ionic strength had little effect
on the adsorption. We used the DLM model to
simulate the sorption of P onto Chitosan
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adsorbents. Overall, our simulations adequately
match the measured data over a wide range of pH
and varying ionic strength. Thermodynamic
parameters confirmed the endothermic and not
spontaneity nature of the P adsorption.

Data Availability
The data can be sent by the correspounding

author via email.
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Table 1Chemical composition of solution phase of adsorbents

Absorbent pH EC Na" K' Ca?* Mg> CI HCO; COs;> POs NO; SO
(ds/ Solution ions* (mg/l)
m)
Bentonite 9.27 1.58 361.7 3.24 2091 0.01 318 21 430 062 183 81.7
Calcite 790 2.66 0.04 0.16 523 1.60 0.04 - 796  0.01 0.01 0.24
Kaolinit 897 0.15 31.1 4.88 1.34 0.07 385 0.00 0.00 042 212 112
Zeolite 796 1.82 312 12.3 735 144 452 121 0.00 0.63 9.81 182
* measured in 1:5 solid, liquid solution
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Fig. 1 N, adsorption-desorption isotherms of unmodified adsorbents: a) Bentonite, b) Calcite, ¢) Kaolinite, and
d) Zeolite
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Table 2 BET surface area analysis of adsorbents

Adsorbent Surface Area Mean Pore Diameter Pore Volume
(m*/g) (nm) (m*/g)
Bentonite 84.98 13.91 0.29
Calcite 0.98 19.17 0.04
Kaolinite 3.66 25.14 0.02
Zeolite 13.83 18.84 0.06
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Fig. 4 SEM images of unmodified adsorbents: a) Bentonite, b) Calcite, c) Kaolinite and d) Zeolite
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Table 3 Comparison of mean P adsorption (mg/kg) by unmodified and modified adsorbents

Adsorbents Unmodified Modified Modified Modified Modified Modified

with with with CMC with with malic
walnut wheat chitosan acid

shell straw

Bentonite 143.56* 153.61 175.44 179.79 188.39 159.73

Calcite 843.90 849.50 856.80 877.83 888.90 855.10

Kaolinite 165.03 175.16 189.36 213.63 221.60 181.64

Zeolite 173.74 192.57 196.38 211.60 216.35 196.91

* Mean adsorbed P (mg/kg) calculated from all isotherm data points

S ol sl glNssd 5 nseSd Joe 9o et al. 2020)
a8y 5 4 Mol Jose il alewgdy jaud

(O JSs)

0.90 -
2 0.70 ~

2050 -

=
o 0.30 -

0.10 -

010 ® 50 100 150 200 250
C, (mg/l)

(&)

CJq. (kgl')

0 20 40 60 80

010 & S0 100 150 200 250
C, (mg/l)

Environment and Water Engineering

Sl plyreay a8 I Haud (YL clle o jhud Cde
et Sle 35 55 5 3 ol Cobt paySle
Ty a8, )10 aud cdale (VL yo Jbop jeba o
Sedyb lsrear |y ol e (piizne 5l (5 cnl b 00 o0
Cucarella and Renman ) ailes S 5,2 dlge i
gty Shud Ol il e Sl @Sl (2009
DAl 50 4 Cand (5558 b oalip Mol Sase slaodl>
@y ool G3lr ol gy e oMol Sdse o]
35 8 eolitulsyge (ggr oy 5 PH ST gw)
Hed ol polie 53 mon JIG bl om slacen
Sl alwgas sobods yawd Jlade (O mg/l) a8, IS
L oaspdlol cudgi 5 Cod gl (S wodgin (Sasme
FV/- mg/kg (/YVIY) \YIF mg/kg o5 a olienS
(YY) V1Y mg/kg 5 (/AV/-) §+10 mg/kg (/3F/+)

el s 4

Yo+ mg/l) a8, LG aud YL polie 4o K5 (sgw )
Caid B cnndS gy alwgds cdboda> el jlade
Y00/ mg/kg ooy 4 lignS b eadpdlel cols;
£10/c mg/kg (JAYIA) Y-308/- mgkg (/AFIV)
=l ool e (VYY) FYAF mglkg 4 (/)VFI7)
ol dlwgds jawd Bds dweyd &S el Cpl caumo sl
3 ear el i adel ad ol slacdalé o sl
Jeles b oSl (8 pmo el iy ol B i sVl
A 698 omb slacdile 3 saus ol gl VU
A ald ol cdale o eld Bl lewsly ) oo

Xu el 0dlyo,55 1ANY sgas l5enS b szl

Ol owdige 5 S jlanee

Vol. 10, No. 1, 2024

[

EWE

V.Y )LQ)‘ A O)L.o..i: AK 0,99


SAMSUNG
Typewritten text
29


\\C~V ‘LSA)N

Lnq, (mgkg')

Ln C, (mg 1)
¢ Unmodified kaolinite Walnut shell-kaolinite
Wheat straw-kaolinite X CMC-kaolinite
X Chitosan-kaolinite ®  Malic acid-kaolinite
Freunlich

Ln g, (mg kg")
N N (@)Y o0

-0.10 W 50 100 150 200 250

C, (mg/)

Ln C, (mg/l)

060K~ ‘

-1 1 3

5 7

Ln C, (mg 1'")

¢ Unmodofied zeolite
Wheat straw-zeolite

X Chitosan-zeolite

Freunlich

Walnut shell-zeolite
X CMC-zeolite
® Malic acid-zeolite

-z ‘WJS - g -l J)}Aiaj J..\.o HN WA od.wc)Lo‘ ‘51..\:.4 6L®uol> SS9y 2 JAM..S A_Jd.> LgLQJJA -0 JS»:
Celsi) —6 5 St -0 oS g (gt - @I B ety -0 il
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Table 5 Parameters needed for modeling the characteritics of modified mineral adsorbents

Main parameters needed for modeling Chitosan- Chitosan- Chitosan- Chitosan-
bentonite calcite kaolinite zeolite
Characteritics of modified adsorbents
Specific surface area (m? g'!) 85.3* 1.0 3.6 13.8
Site density (mmol 1) 0.53 8.65 1.13 0.53
model parameters used to simulate P adsorption

Termodynamic equilibrium constant (log k)

1>SOHS+ H + PO43 <> >SOPO; >+ H,O 17.5 -0.8 20.8 20.5
2>SOH + 2H" + PO4><>>S0,P0,»2+ 2H,0 22.7 -5.1 25.5 30.0
2>SOH’ + 3H* + PO43<>>S0,POOH '+ 30.2 -6.2 32.6 35.5

2H,0

* All of the data were obtained from fitting
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Table 6 The goodness-of-fit parameters for P adsorption onto modifiedadsorbents

Adsorbents =0 1=0.001 1=0.01 1=0.1
Chitosan- bentonite RMSE 0.028 0.025 0.0018 0.020
MRE 0.022 0.020 0.015 0.019
Chitosan- calcite RMSE 0.115 0.107 0.134 0.098
MRE 0.114 0.106 0.132 0.095
Chitosan- kaolinite RMSE 0.066 0.093 0.048 0.015
MRE 0.049 0.068 -0.022 -0.007
Chitosan-zeolite RMSE 0.019 0.016 0.022 0.018
MRE -0.001 -0.003 0.018 -0.005
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Table 7 Thermodynamic parameters for the sorption of P onto modified adsorbents with chitosan

Adsorbent Temp (K) Thermodynamic parameters
AG® (kJ/mol) AH° (kJ/mol) AS° (J/mol k)
Chitosan-bentonite 298 13.53 13.81 1.04
308 13.11
318 12.76
Chitosan-calcite 298 7.15 28.64 72.11
308 6.27
318 4.82
Chitosan-Kaolinite 298 11.88 62.59 170.16
308 11.29
318 10.69
Chitosan-zeolite 298 13.07 89.88 257.75
308 10.34
318 10.00
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