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ARTICLE INFO ABSTRACT

Keywords: Adsorption of phosphate phosphorus (PO4-P) from wastewater onto eco-friendly geosorbents has gained great
Phosphate attention aiming at recovering an essential nutrient for crop production. Notably, the literature on PO4-P
Bentonite

aqueous-phase adsorption kinetics is limited to the application of either empirical reaction-based models lacking
Surface diffusion a physical significance or over-simplified diffusion-based models frequently used outside their applicability area.
Mass transfer In this study, equilibrium and kinetic experiments are presented under a wide range of phosphate concentrations
Modeling (50-500 mg P/L) using sustainable and low-cost modified adsorbents. The kinetics of PO4-P adsorption from
aqueous solutions onto Ca(OH),-treated zeolite (CaT-Z) and bentonite (CaT-B) was analyzed by a dimensionless
two-phase homogeneous surface diffusion model (TP-HSDM) assuming constant diffusivity coupled with the
double selectivity isotherm equation (DSM). The TP-HSDM fit to the data at four initial P concentrations (50,
100, 200 and 300 mg/L) resulted in an average relative error of 14.6% and 17.4% from the experimental data for
CaT-Z and CaT-B, respectively. The average surface diffusion coefficient (D;) ranged from 2.5 x 101% t0 8.7 x 10"
10 em?/s for CaT-Z and from 1.6 x 101 to 4.78 x 10 cm?/s for CaT-B. The external mass transfer coefficient
(kp) ranged from 2.72 x 10" to 8.38 x 10™* cm/s for CaT-Z and from 5.63 x 10 to 2.24 x 10 cm/s for CaT-B.
The dimensionless Biot (Bi) number exhibited values in the order of magnitude of 10° indicating that the
intraparticle diffusion is the controlling mass transfer mechanism for both materials.
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Table 1

Colloids and Surfaces A: Physicochemical and Engineering Aspects 660 (2023) 130805

Effective diffusion coefficients of phosphate adsorption in batch process estimated by various simplified diffusion models in the literature.

Contact time,

Film mass transfer

Effective diffusion

Adsorbent particle 31z.e, initial P Diffusion model coefficient (cm/s) coefficient (cm?/s) Reference
concentration
Ca(OH), treated zeolite (CaT-Z) 98 d, 0.5-1 mm, 50-500 mg/L.  TP-HSDM 2.72x107*-8.38x107* 25x1071°-87 x 10710 This study
Ca(OH), treated bentonite (CaT-B) 98 d, 0.5-1 mm, 50-500 mg/L  TP-HSDM 563 x10%-224x10% 1.6 x10'°-478 x 10°°  Thisstudy
Microporous drinking water treatment residual N Analytical 15
3 - . 2
(Fe-WTR) 80 d, < 2 mm (9 um) solution 4.0 x 10 [26]
Fe-loaded granular activated carbon 7 d, 1.4-2 mm, 4-50 mg/L E‘Cj s second - 8.26 x 107° [28]
Synthetic zeolite (HUD zeolite) fh’ 0.15-0.30 mm, 50-200 mg/ i‘ig::al 0.90 x 10°-1.86 x 103 1.19x10°'1-9.51 x 1011 [15]
3+ Jeti i i 3+ — — i
Al a-ctlvated synthetic zeolite (AI°"-HUD 8h, 0.15-0.30 mm, 50-200 mg/ Anal}lltlcal 148 x 10-2-2.99 x 102 2.08 x 10-11-4.66x 10-1°  [15]
zeolite) L solution
NaCl and FelClj; treated clinoptilolite 500 min, < 0.2 mm, 10 mg/L HPDM - 4.6 x 1077 (DP)“ [23]
NaCl and FelCl3 treated clinoptilolite 500 min, < 0.2 mm, 10 mg/L HPFM - 1.6 x 107° (Df)h [23]
NaCl and AICl; treated clinoptilolite 400 min, < 0.2 mm, 10 mg/L HPDM - 8.8 x 10~° [22]
NaCl and AICl; treated clinoptilolite 400 min, < 0.2 mm, 10 mg/L HFDM - 4.9 x 10°° [22]
. 3
FelCl, and KCl treated clinoptilolite iso min, <74 um, 14mgPOG/ pppy - 1.1 x 10™° [24]
. 3
FelCls and KCl treated clinoptilolite iso min, <74um, 14mgPOs /oy 2.9 x 10°® 6.8 x 10°10 [24]
. 3
MnCl, and KCl treated clinoptilolite iSO min, <74 pm, 14 mg PO~/ HPDM - 2.2 x 10710 [24]
. 3
MnCl, and KCl treated clinoptilolite iso min, <74um, 14mgPOs /oy 7.4 x 10° 2.2 x 10710 [24]
. 3
AICl; and KCl treated clinoptilolite iso min, <74um, 14mgPOG/  ppny - 11%x10°° [24]
. 3
AICl; and KCl treated clinoptilolite iso min, <74um, 14mgPO;/ opyy 8.3 x 107 5.0 x 10710 [24]
NaOH and LaCl; treated zeolite 6 h, 150-200 mesh, 5 mg/L P:amc.I N - 9.5 x 10710 [39]
diffusion
NaOH and LaClj; treated zeolite 6 h, 150-200 mesh, 5 mg/L Film diffusion - 2.09 x 107° [39]
Zeolitic fly ash (KP1) 5 h, powder‘, 10 and 100 mg/L.  HPDM - 7.6 x1071°-1.1 x 107° [25]
Zeolitic fly ash (KP1) 5 h, powder‘, 10 and 100 mg/L.  SPM 9.6 x 10°-1.2 x 10 7.2x1071°-1.7 x107° [25]
CaCl, modified zeolitic fly ash (NaP1) 150 min, 29 + 1 ym", 15mg/L.  HPDM 3.6 x 10° 2.0 x 1071 [40]
CaCl, modified zeolitic fly ash (NaP1) 150 min, 29 + 1 ym", 15 mg/L.  SPM 8.5 x 10° 2.1 x 1071 [40]
MgCl, modified zeolitic fly ash (NaP1) 120 min, 29 + 1 ym?, 15 mg/L.  HPDM 4.8 x 10° 2.5 x 10710 [40]
MgCl, modified zeolitic fly ash (NaP1) 120 min, 29 + 1 ym", 15mg/L.  SPM 1.3 x 10° 2.6 x 1071° [40]
1500 min (25 h), 12 11
Fly ash powder", 100 mg/L HPDM - 6.7 x 10 -5.0. x 10 [21]
1500 min (25 h), 12 11
Fly ash powder’, 100 mg/L SPM - 7.6 x 10 -6.4 x 10 [21]
. . 120 min, < 40 pm, 5 mmo/L . 11
g - . 1
Well-ordered modified kaolinite (155 mg/L) Boyd equation 7.2 x 10 [41]
o .. 120 min, < 40 pm, 5 mmo/L A 1
Poorly ordered modified kaolinite (155 mg/L) Boyd equation - 1.0 x 10 [41]
. . 120 min, < 40 pm, 5 mmo/L . 1
Modified halloysite (155 mg/L) Boyd equation - 8.5 x 10 [41]
Al,(SO4)3 treated activated alumina (continuous 4 h, 0.125-0.177 mm, 0.22 and . 11
- . 2
adsorption at 25 °C) 0.68 mg/L Boyd equation 9.0 %10 (421
Alz(SO4)3'treated activated alumina (batch 4h, 0.125-0.177 mm, 0.30 mg/ Boyd equation 0.0 x1011-2.2 x 10-10 [42]
adsorption at 5-25 °C) L
Acidic soil (pH 5.8) 14d,<2mm, 200 and 400 mg b o faw - 22x107°-13.9 x 10°  [43]
P/kg soil
Molecular diffusion in free liquid solution - - - 8.9 x10°° [26,43]

@ Most probable (73%) particle diameter in [26] or average equivalent particle diameter (dso value) in [40] based on laser light scattering (laser diffraction method).
b The effective diffusion coefficients are denoted either as D, (particle diffusion) or Dy (film diffusion) and given in m?/s. Here, the values were converted to cm?/s.
¢ The particle size range is not reported. However, it must be in powder form according to the parental or modified material used, namely coal fly ash or zeolitic fly

ash derived from alkaline hydrothermal treatment with NaOH (NaP1 zeolite) or KOH (KP1 zeolite).

1. Introduction

Numerous studies on phosphate (PO3) adsorption from aqueous
solutions have been published the last decade [1,2], motivated by the
environmental concerns to control eutrophication and to find secondary
phosphorus (P) sources [1]. The concept of circular economy is in line
with the recycling of PO4-P as an essential nutrient for crop production
and the characterization of the non-renewable phosphate rocks as a
critical material for industries in European Union [3]. There is a great
potential of P recovery from point sources of urban and agro-industrial
wastewaters (WW) such as municipal WW treatment plants, food pro-
cessing plants, storage pools of livestock manure or anaerobically

digested effluents [4]. The concentrations of dissolved P range from
relative (i) low in secondary treated domestic WW (< 10 mg/L), to (ii)
moderate in poultry (23-50 mg/L), winery (35-190 mg/L), olive mill
(60-110 mg/L) or slaughterhouse (25-200 mg/L) streams, and (iii) high
in raw swine effluents (100-900 mg/L) or source-separated urine from
no-mix toilets (470-1000 mg/L) [1,5].

Adsorption process exhibits advantages in terms of effectiveness in
low P concentrations and operation flexibility regarding the varying P
amounts in wastewater effluents [6]. From the agricultural point of
view, abundant and soil-friendly, natural minerals, such as bentonite
and zeolite, could be used as one-time adsorbents in P-rich effluents and
then as nutrient-loaded soil amendments [2]. Certainly, these materials
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are able to improve the soil aeration, water holding and cation exchange
capacity as well as to reduce nitrogen losses from applied fertilizers [7,
8l.

The majority of recent adsorption studies with porous materials have
employed various chemical reaction- and diffusion-based kinetic models
in order to describe the P adsorption rate. The motivation of this
modeling is mostly based on the low computational needs and mathe-
matical complexity, and less on the physical meaning or theoretical
assumptions of the models [9,10]. The increasing research interest in P
adsorption by porous materials has been reflected in recent review ar-
ticles [1,2,6]. These contain either separate sections for the adsorption
kinetics [6], list tables with the best kinetic model to fit the experimental
data [2] or just report the best kinetic models employed for various
adsorbents [1]. Generally, these reviews overlook the importance of P
diffusion modeling and its gap in the literature, although one of them
definitely mentions the internal diffusion as one of the five phosphate
sorption mechanisms [2]. The aforementioned reviews and numerous
other research articles demonstrate that the reaction-based models of
pseudo-first order, pseudo-second order and Elovich as well as the
intraparticle diffusion model of Weber-Morris were mostly used. Sum-
marizing, in most studies, P adsorption kinetics were best described by
the pseudo-second order model [2,6].

Nevertheless, the analysis of batch adsorption kinetics through
empirical chemical reaction-based models is heavily criticized for
lacking a physical meaning and a theoretical foundation as they do not
take into account mass transport processes outside and inside the sor-
bent particle [10,11]. Additionally, although these models can be suc-
cessful descriptive tools, they are not predictive under varying
experimental conditions [10]. Another remark is that all these empirical
kinetic models do not incorporate the equilibrium behavior of the
adsorption system, as described by appropriate isotherm equations [12].
The latter is crucial since adsorption equilibrium and estimated isotherm
parameters are fundamental preconditions of the applied kinetic models
[13].

During the adsorption of a solute compound on a porous material,
the following mass transport phenomena and rate controlling steps are
sequentially involved [11,14]: (i) diffusion of the adsorbate from the
bulk solution to the solid external surface through the liquid film sur-
rounding the adsorbent particle (the process is denoted as external mass
transfer or film diffusion, (ii) intraparticle diffusion (or internal mass
transfer) including the mass transfer process of pore diffusion (migration
of adsorbate within the pore fluid) and surface diffusion (denoted also as
solid phase diffusion), and (iii) physical or chemical adsorption at the
active surface sites which is not a rate-limiting step as it is a faster
process than the film and intraparticle diffusion [11]. The initial trans-
port of the solute compound in the bulk solution is often not rate limiting
in small scale and agitated batch systems due to the diminished liquid
film around the solid. The pore diffusion mainly occurs in macropores
(width > 50 nm) and is dominated by molecular and Knudsen diffusion
[9,15]. Thus, pore diffusion is a mass transfer pathway of the adsorbate
to approach the internal binding sites of adsorbent particles. On the
other hand, surface diffusion is dominant in micropores and describes
the hoping of adsorbate ions or molecules from site to site along the
surface of pore walls [15-17].

Surface diffusion is still a challenging topic of the adsorption science
[11,17]. Its theoretical understanding requires a knowledge of the sur-
face properties, the interactions between the diffusing compounds and
surface functional groups, and the interactions among the diffusing
compounds [17]. As frequently mentioned in the literature, both diffu-
sional mass transfer mechanisms (pore and surface diffusion) can be
combined to an effective (average) intraparticle diffusion coefficient
denoted as Deg [15,18]. Therefore, the modeling of external and internal
mass transport phenomena during P adsorption in a batch system using
porous solids is important in terms of predicting the adsorption rate,
simulating operating conditions and designing full-scale processes [19].

As mentioned above, the most common approach to model the
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intraparticle diffusion of P in batch adsorption experiments has been the
application of the Weber-Morris equation, plotting the adsorption ca-
pacity (q;) against the square root of time (£>-°). These studies ignore or
at least do not present the underlying, restrictive assumptions of the
model such as adsorption in an infinite solution volume (constant liquid
phase concentration), absence of external mass transfer resistance and a
linear adsorption isotherm [20]. In addition, this model does not provide
a solid phase diffusion coefficient (em?/s) which is the basic parameter
of diffusion mass transfer phenomena [9,19]. Other studies have used
oversimplified equations of intraparticle diffusion-based models such as
the homogeneous particle or film diffusion model (HPDM or HFDM),
shell progressive model (SPM) and Boyd equation, to describe the P
adsorption kinetics on coal fly ash, zeolitic fly ash and modified natural
zeolites [21-25] (Table 1). The effective diffusion coefficient (D.) of
these models was estimated by linear regression analysis based on the
coefficient of determination (RZ) (Table 1). Moreover, the majority of
these adsorbents was used in a powder form and tested in aqueous
phosphate solutions up to few hours (Table 1). The above-mentioned
diffusion models have been developed for “bath of infinite volume”
(infinite solution volume) where the initial adsorbate concentration in
the bulk fluid remains stable during the sorption process [9,19]. To the
best of our knowledge, exceptions are earlier studies using Fe-rich
drinking water treatment residuals [26] and Al-activated synthetic
zeolite [15] (Table 1) which calculated an effective surface diffusion
coefficient of P adsorption applying the analytical solution of Fick’s
second law proposed by Crank [27]. This solution assumes a “bath of
finite (limited) volume” (batch process) where phosphate concentration
decreases with time due to adsorption [15,26]. However, the analytical
solution of Crank also assumes a linear adsorption isotherm [13] which
was not the case of both adsorption studies. Another exception is the
recent adsorption study with Fe-loaded granular activated carbon [28]
(Table 1). The authors employed a two-site multilayer (equivalent to the
BET isotherm) or a monolayer equilibrium model (analogous to the
two-site Langmuir isotherm) in combination with the Fick’s second law
for spherical particles in order to predict the P internal mass transfer
through numerical solution of partial differential equation [28].

Diffusion-based models combining external mass transfer and sur-
face diffusion and including a non-linear isotherm equation have been
presented to describe mainly adsorption of heavy metals and food dyes
in batch or continuous systems [18,29-31]. However, to our knowledge,
there is no published data on the application of similar models to P
adsorption from aqueous solutions. Previous works using Ca(OH)y
treated bentonite (CaT-B) and zeolite (CaT-Z) in granular form have
revealed an efficient P adsorption from aqueous solutions, synthetic and
real wastewater [32-36]. This treatment has been chosen based on the
following arguments and findings:(a) Ca(OH), is generally cheaper than
MgCly or Mg(OH), [37] which are widely used for the treatment of
phosphate adsorbents, (b) Ca- or Mg-based soil amendments are able to
improve the stability of soil structure and hinder the dispersion of soil
aggregates as a result of increasing Na* or K* soil salinity [38], and (c)
adsorption of P from aqueous solutions on CaT-Z and CaT-B occurred in
a wide range of pH values [32,34]. The adsorption mechanisms and
presence of P on both adsorbents was confirmed by analytical tech-
niques such as scanning electron microscopy-energy dispersive spec-
troscopy (SEM-EDS), electron probe microanalysis (EPMA) and infrared
attenuated total reflectance (IR-ATR).

In these studies, the P removal from the liquid phase was observed to
be a slow process reaching equilibrium after 5-6 days in real wastewater
[35] or longer in aqueous solutions [32,34]. Therefore, a longer contact
time should be examined to determine the real equilibrium of the
adsorption system. The slow adsorption process and the non-equilibrium
characteristics after days are indicative of adsorbate diffusion inside the
pores of the adsorbing material [2,26]. Besides, the long duration of
adsorption process in porous materials may result in a considerable
amount of strongly adsorbed and non-extractable phosphate anions [2].
Also, this point has not been deeply studied in the literature.
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The objectives of the present work are to determine: (i) the equi-
librium time of P adsorption on modified zeolite (CaT-Z) and bentonite
(CaT-B) as well as the resulting isotherms, (ii) the effect of the initial P
concentration on the external mass transfer and the overall kinetics, and
(iii) the dominant rate-controlling mechanism. To this aim, the
adsorption kinetics were modelled by applying a dimensionless two-
phase homogeneous surface diffusion model (TP-HSDM) assuming a
constant surface diffusivity and coupled with a flexible double selec-
tivity isotherm model. The non-dimensional modeling makes easier its
numerical solution and general application on other experimental con-
ditions varying the adsorbent dosage, particle size or volumetric flow
rate in fixed bed tests [19]. Finally, analyses of SEM-EDS, specific sur-
face area and porosity were conducted to characterize the P-loaded
adsorbents.

2. Materials and methods
2.1. Pretreatment of adsorbing materials

The bentonite and zeolite were commercially purchased. The mate-
rials were firstly washed with deionized water (DW) to remove impu-
rities and dust. Subsequently, they dried for 24 h in a temperature-
controlled chamber at 60 °C and sieved to a particle size of 0.5-1.19
mm. Based on previous works [32,34], the bentonite and zeolite were
contacted with 1 and 0.25 mol/L Ca(OH),, respectively, using a dosage
of 50 g per 0.5 L of Ca(OH); solution. After 24 h, the adsorbents were
separated from the liquid phase, washed with DW to remove excess Ca
(OH), particles and finally oven-dried at 60 °C. The Ca(OH),-treated
bentonite and zeolite are denoted as CaT-B and CaT-Z, respectively.

2.2. Batch adsorption tests

The adsorption experiments were performed in batch mode by
placing 0.5 g CaT-B or CaT-Z and 50 mL phosphate solution (adsorbent
dosage = 10 g/L) in a plastic vial (high-density polyethylene) with 100
mL capacity. The vials were sealed and agitated at 200 rpm using a plate
shaker, which was placed in a temperature-controlled chamber at 25 +
0.5 °C. Phosphate stock solutions of 100, 200 and 500 mg P/L were
prepared dissolving the appropriate amount of analytical grade KHyPO4
in DW. The stock solution of 100 mg P/L was also used to prepare the
solution of 50 mg P/L after appropriate dilution whereas that of 500 mg
P/L to prepare the solutions of 300 and 400 mg P/L. The initial pH of
200 mL phosphate solutions was adjusted to values of 7.00-7.05 using a
few drops of NaOH (0.5-10 M) and/or HCl (0.5-1 M) before adding the
adsorbents. All experiments were conducted in triplicate and their
average values are reported.

The adsorption kinetic tests were conducted at initial P concentra-
tion of 50, 100, 200, 300, 400 and 500 mg/L. In the initial phase of the
experiments, supernatant samples of 50 pL. were withdrawn in the first
2, 5,10, 15 and 30 min in order to study the influence of film diffusion
(external mass transfer) on phosphate adsorption. In parallel, separate
adsorption mixtures were run to collect samples at 1, 2, 3, 4, 8 and 24 h,
and subsequently at 2, 3, 4, 5 and 7 days (d). After the first week,
samples were withdrawn at time intervals of 7 or 14 d, and up to 91 or
98 d until the residual phosphate concentration remained unchanged.

The total sampling volume did not exceed 3.6% of the initial working
volume (50 mL) in the kinetic test with 50 mg P/L, whereas in the tests
with 200-500 mg P/L it was ranged from 1.1% to 2.2%. As applied in
previous works [32,34], the supernatant samples were not centrifuged
since the granular adsorbents remained on the vial bottom during the
process and no differences in P concentration have been observed be-
tween centrifuged and non-centrifuged samples.

The adsorption capacity (mg P/g) of CaT-Z or CaT-B at time t (q;) and
equilibrium (q.) was calculated as follows:

g =(Co—C,)eV/m (€8]
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ge = (Co—C.) o V/m )

where C,, C. and C; are the initial P concentration, the P concentration at
equilibrium and at time t (mg/L), respectively; V is the volume of the
solution (L) and m is the adsorbent mass (g). The removal efficiency (R
%) of P from the liquid phase was calculated using the following
equation:

R(%) =100 e (Cy— C,)/Co ®)

2.3. Analytical methods

The residual concentration of P in the aqueous solutions was
measured with an UV-VIS spectrophotometer (Hach-Lange DR 2800) at
wavelength of 880 nm following the ascorbic acid standard method
4500-P E [44]. All chemicals used were of analytical grade. The char-
acterization of the raw and modified adsorbents by the powder X-ray
diffraction (XRD) method and the analytical conditions are described
earlier [32,34]. The mineralogy of CaT-B and CaT-Z after adsorption at
500 mg P/L was determined using a SIEMENS X-ray diffractometer
(D-5000) at the Centre for Research and Technology Hellas (CERTH) in
Ptolemais (Greece) in conjunction with the Diffrac.EVA software 4.1.
The morphology, microtexture and in-situ elemental composition of
CaT-Z and CaT-B surface after adsorption at 200 and 400 mg P/L was
investigated using a JEOL JSM IT 500 LV scanning electron microscope
(SEM), equipped with back-scattered imaging capability and coupled
with an ULTIM Max energy dispersive spectroscopy system (EDS) at the
Institute of Geology and Mineral Exploration (HSGME, Athens).
Semi-quantitative elemental analyses and elemental mapping were
produced using the AZtecLive v. 6.0 software (Oxford Instruments).
Operating conditions were as follows: accelerating voltage 20 kV, beam
current 1.5 nA and beam diameter 1-2 mm.

Samples of CaT-Z and CaT-B before and after adsorption at 100, 300
and 400 mg P/L were analyzed by N, adsorption/desorption isotherms
at temperature of 77 K using a porosity and surface area analyzer
(TriStar 3000, Micromeritics, USA). This analysis took place at the
CERTH of Thessaloniki (Greece). The total pore volume and average
pore diameter of the adsorbents were determined by the Barrett-Joyner-
Halenda (BJH) calculation method using the N, adsorption branch,
whereas the specific surface area by the Brunauer-Emmet-Teller (BET)
method using values from the linear segment of the Ny adsorption
isotherm [45-47].

2.4. Adsorption kinetics modeling

The theoretical background of the two-phase concentration-depen-
dent homogeneous surface diffusion model (TP-HSDM) and the nu-
merical methods are reported in recent studies and not repeated here [9,
11,19,48].

2.4.1. External mass transfer coefficient

The liquid film diffusion (or external mass transfer) plays a rate-
determining role only at the beginning of the adsorption process [13].
The following equation assumes that intraparticle diffusion is negligible
in the early stage of the process and the adsorbate transport rate is solely
determined by film diffusion [49].

aC, .

F = — k,-amm(C, — C\) (4)
where C, and C; (mg/L) are the average adsorbate concentrations in the
liquid phase and at the external surface of the particle (r = rp,), respec-
tively. The external mass transfer coefficient (ky) can be estimated by the
following integrating equation for initial condition (at t—0), C; = Cp and
Cs=0[13]:
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C, m
Inl — ) = —kra,—t 5
U(CU) rd % 5)

where a,, = rp% is the total surface area per adsorbent mass (em?/ g)ina
P

batch reactor assuming spherical and isotropic particles, V (cm?) is the
liquid volume, m (g) is the adsorbent mass in the batch reactor, r;, (cm) is
the mean particle radius and p, (g/cm®) is the adsorbent particle density.
In the present work, the average particle radius of both adsorbents was
calculated to be 0.04225 cm as an arithmetic mean of the sieve openings
used (0.5-1.12 cm). The particle density was assumed to be 2.18 g/cm®
for zeolite and 2.79 g/cm® for bentonite according to earlier studies [50,
51]. The value of the external mass transfer coefficient (cm/s) is
calculated by the slope (equal to —ky a,, m/V) of the initial linear part of
the curve of In (C¢/Cp) against time (t) using a linear regression analysis
[13].

2.4.2. Two-phase surface diffusion model

The numerical solutions of the diffusion model equations are based
on dimensionless variables such as the average dimensionless concen-
tration in the liquid (X) and solid phase (Y) at any time (t):

>
Il

©

ol

)

~
Il
EIEY

where Cj is the initial concentration in the liquid phase at t = 0 and g, is
the solid phase concentration (adsorption capacity) at equilibrium
calculated for Cy [13]. The partition (or distribution) ratio (A) for batch
reactors is expressed as follows [13,52]:

Med
A== ()
Vi.Co
where M and V|, are the solid (adsorbent) mass and liquid volume,
respectively. The dimensionless time (T) is given by the equation:
D:o o/
T=-"— 9
r
>
where r;, is the mean particle radius assuming a spherical shape and Dy, is
the constant solid phase diffusion coefficient (cmz/s). The dimensionless
Biot number (Bi), expressing the ratio of internal and external mass
transfer, is calculated as follows [13]:
krer =
Bi= -G (10)
Dy, 0p P40

where ks is the external mass transfer coefficient (see Eq. 5) and p, (g/
em®) is the adsorbent particle density. The equation of the material
balance containing the partition ratio A is:

— 1 —_
Y= e(1-X) (11)

where X and Y are the average dimensionless concentrations in the
liquid and solid phase (Egs. 6 and 7), respectively. The mass transfer in
the liquid phase can be expressed as:

aY =

6_T:3.Bl.(X_XR:]) 12)
where Xg_; is the dimensionless liquid phase concentration at the
external solid surface (or liquid-solid interface) and R = r/rp is the
dimensionless distance (radial coordinate) from the particle center.
Therefore, when r =, then R= 1. According to the material balance
(Eq. 11), the mass transfer equation in the liquid phase is transformed to:
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0xX _

¥ —3eAeBie(X—Xz) 13)
The mass transfer equation in the solid phase is [11]:

o _1

T R

0Y.
ﬁ} 14

. a—(;[R2 eD((Y)e
where R = r/r, is the dimensionless radius of the adsorbent particle and r
is the distance from the particle center, Dyj(Y)=Dy/Dg, and Dy is the
concentration dependent solid phase diffusion coefficient.

The Eq. 11 can expand to [11]:

2
o _ Y DY) oY 2 oY

ar ~ PWort 7ok *ar T &P Wk 1%

In the case of constant surface diffusion coefficient, Ds(Y) is equal to
one. The average concentration in the solid phase is:

1
Y=3e / YeR*dR (16)
0

The initial conditions for dimensionless time T = 0 are X;_, = 1 and
Yr—o = 0 (dimensionless concentrations in the liquid and solid phase,
respectively), whereas the boundary condition at the center of the solid
(R=r/rp =0)is:

aY
a -0 a7)
<0R> R=0

Alocal equilibrium can occur at the solid-liquid interface (R =r/r, =

1):
Yeot =f(Xp—1)oXer =f ' (Yror) (18)

The combination of mass transfer resistance in the liquid and solid
phase is expressed as:

g(YR:1)0<Z—;) — Bie(X—Xe) 19)
R=1

The average surface diffusion coefficient can be given by the
following equation:

D.x,aver =

D, Oeo D, Yo
Yo 0)do == Y)d(Y 20
e [ ste) | snam) (20)

where 0,, = Y; o Y. The infinity subscribe (c0) denotes average con-
centrations in the bulk phase at infinite time (t— ), i.e. at equilibrium
[11].

The material balance at equilibrium is getting:

Lol X = Vo =(Ko) 1)

where f(X,,) is the equilibrium relationship of the dimensionless solid
phase concentration as a function of the dimensionless liquid phase
concentration.

The fractional attainment of P equilibrium in the solid phase is given
by the equation:

v =LY _G=Cr_ 1= /%) 22)
9o Yo Co—Co 1—(Xo/Xr=o)

The solution of the TP-HSDM requires the incorporation of an
equilibrium isotherm model which takes into account the heterogeneous
surface of CaT-Z and CaT-B, and therefore can describe multisite
adsorption processes [11]. The simplest form of the so-called double
selectivity isotherm model (DSM) assumes a solid phase consisted of two
distinct regions of binding sites with no interaction between them [53,

54]:
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Fig. 1. Variation of P adsorption capacity over time at different initial P con-
centrations for (a) CaT-Z and (b) CaT-B (adsorbent dosage = 10 g/L, d, =
0.5-1.19 mm, initial pH = 7.0, T = 25 °C). Logarithmic scale is used for the x-
axis to highlight the differences occurred in the first days, whereas cartesian
diagrams are presented in Fig. Sla-b.

K eX
1+ (K —1)eX

K,eX

1+(K, —1)eX (23)

Y=pe +(1=p)e

where K; and K} are the equilibrium constants and p is the binding sites
proportion on the solid surface. This model is highly flexible since it can
describe equilibrium data of various shapes including sigmoidal (S-
shaped) and Langmurian isotherms [11,19].

The fitting of the DSM isotherm model on the experimental equi-
librium values and the calculation of its parameters (all > 0) were
performed minimizing the error function of the residual sum of squares
(RSS):

RSS = Z (Yexp‘i - mod.i)2 (24)
i=1

where Y,y and Yipoq are the experimental and model calculated values of
the dimensionless solid phase concentration at equilibrium. The mini-
mization of RSS was carried out via the GRG non-linear solving method
of the Microsoft Excel Solver tool [11].

The TP-HSDM for constant diffusivity was applied on the experi-
mental data varying the fitting variables D; and ky. The average relative
error (%) was used to evaluate the model fitting quality between the
experimental (Ueyp) and model (Unoq) predicted values of fractional
attainment of P equilibrium U(T):

ABS[U(T), — U(T) o

ARE =100 »
u(T)

(25)

exp
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Fig. 2. Logarithmic dimensionless concentration of P during the first 30 min of
adsorption on (a) CaT-Z and (b) CaT-B for the determination of the external
mass transfer coefficient kr (adsorbent dosage = 10 g/L, d;, = 0.5-1.19 mm,
initial pH = 7.0, T = 25 °C).

Table 2
Liquid and solid phase concentrations of P at equilibrium used for the normal-
ization of the TP-HSDM.

CaT-Z CaT-B

Co o s

(m Ce (mg Qe (mg Equilibrium Ce (mg Qe (mg Equilibrium

& pm) P/g) time (d) P/L) P/g) time (d)

P/L)

50 0.17 4.98 21-91 0.19 4.98 21-91
6.72 9.33 3.39 9.66

100 +0.12 to01 78 +0.19 o002 77
85.07 11.49 71.71 12.83

200 +1.68 o1y 0ot +2.08 toz1 91
174.85  12.51 153.87  14.61

300 +2.54 +025 1+ +2.14 +021 6%
259.32  14.07 24441  15.56

400 +2.46 +o025 98 +1.75 to17 1+
356.77  14.32 33479  16.52

500 +1.36 1014 0384 +3.77 o038 P70

3. Results and discussion
3.1. Effect of initial P concentration on equilibrium time

Although the equilibrium was approached slowly after 21-35
d (Fig. 1a-b or Fig. S1a-b), more than 86% of the equilibrium adsorption
capacities (g.) of both materials (Table 2) were attained in the first seven
days. For example, this percentage at 400 and 500 mg P/L amounted to
91-93% for CaT-Z and 95% for CaT-B. In all kinetic runs except that at
50 mg P/L, the equilibrium concentrations of P in the liquid (C,) and
solid phase (q.) (Table 2) were determined as an average of values in the
last time intervals, including measurements of at least three weeks
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Fig. 3. (a) Experimental equilibrium data of P adsorption on CaT-Z and CaT-B and (b) fitting of the double selectivity isotherm model (solid curves) on the
dimensionless P concentrations in the liquid (X) and solid (Y) phase for CaT-Z and CaT-B.

Table 3
Parameters of the double selectivity isotherm model applied on the dimen-
sionless equilibrium data (X, Y) of P adsorption onto CaT-Z and CaT-B.

Table 4
Mass transfer parameters (kf, Ds and Bi) for P adsorption on CaT-Z and CaT-B at
different initial P concentrations (median r;, of both adsorbents = 0.04225 cm).

Adsorbent r K; K, RSS CaT-Z CaT-B
CaT-Z 0.649 2370 2.41 0.00130 Co ,
CaT-B 0.393 2.74 1748 0.00014 Sg Ky (em/s) D, (cm?/s) 1(3; o) lg (em/ 35 (cm?/ f; o)
L)
) 50 ?.26 x 107 12650 X100 0o ?.(;9_? x 1£?0x 396
0.9 (a) -~ 100 ?.38 x 107 16630 x 10 281 ?09} X iIS;IOOx 4.29
0.8 o O . )
o . 200 3.72 x 10 ?660 X100 oo ?ﬁf x ?ﬁ?ox 199
06 300 554100 870100y oy f'oz_;‘ % ‘1"07_3 X 129
:E 0.5 %
041 Oe our knowledge, a similar study on long P adsorption kinetics (up to 80 d)
03 4 [ Je) ©50 mg/L i < )
S © @100 mg/L was conducted in the work of Makris et al. [26], whereas the experi-
02 1 P ° 0200 mg/L ments of Braun et al. [28] lasted 7 d (Table 1).
0.1 4 ©300 mg/L Based on the estimated g, values (Table 2), CaT-B adsorbed more P
0 4 . : ; ; : : ; ; than CaT-Z at initial concentrations higher than 200 mg/L. The
0 01 02 03 04 05 06 07 08 09 1 adsorption capacity of CaT-Z seems to approach a plateau at 400 and
Uexp 500 mg P/L with 14.07 and 14.32 mg P/g, respectively. In contrast, the
corresponding g, values of CaT-B (15.56 and 16.52 mg P/g) differ about
1 1 mg/g between each other. The observed differences could be associ-
09 4 (b) ated with the mineral composition of the adsorbents, a scenario that
0s 4 needs further investigation. One of the main mineral phases of
07 | bentonite, being a phyllosilicate clay, is montmorillonite which is able to
’ absorb water molecules between its sheets [55]. As a result the layers of
- 06 1 montmorillonite can expand, a phenomenon known as swelling [55]. In
:E 0.5 4 this case, more phosphate anions could enter the Ca(OH),; modified
0.4 - interlayer space (internal surface sites) of montmorillonite along with
03 4 u 50 mg/L their adsorption on the modified external surface of CaT-B particles
02 | ° 100 mg/L [56]. This is possible since the SEM-EDS analysis of CaT-B in a previous
g 4200 mg/L work verified a positive correlation of the adsorbed P (quantified as P05
01 1 300 mg/L wt%) with the interlayer calcium ions (as CaO wt%) [32]. Another hy-
0 - T T T T T T T T T pothesis is that the differences in g, can be due to the treatment of raw
0 01 02 03 o04 3‘5 06 07 08 05 1 bentonite with 1 mol/L Ca(OH), instead of 0.25 mol/L Ca(OH), for

Fig. 4. Fitting quality of the constant diffusivity TP-HSDM for P adsorption on
(a) CaT-Z and (b) CaT-B (adsorbent dosage = 10 g/L, initial pH =
7.0, T=25°C).

(Table 2). These values were used to normalize the TP-HSDM. The low
standard deviation of the C, values indicates the small differences
among the experimental data during the last weeks of the process. To

zeolite, although the solubility limit of Ca(OH), is about 0.018 M at
23 °C [57].

3.2. Adsorption isotherms and equilibrium modeling

The experimental values of adsorption capacity and residual P con-
centrations at equilibrium for both adsorbents are illustrated in Fig. 3a.
The isotherms shape is convex-upward and of Type I indicating a
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Fig. 6. SEM images of CaT-B after adsorption at 200 mg P/L (a-c) and 400 mg P/L (d-f).

favorable P adsorption on CaT-Z and CaT-B [58]. The parameters of the
double selectivity isotherm model (DSM) applied on the dimensionless
equilibrium data (Fig. 3b) and the RSS values used for their estimation
are given in Table 3. As shown in Fig. 3b, the model fitting describes the
experimental data very well for both adsorbents. The non-dimensional
DSM has been found to successfully describe convex-upward, linear
and sigmoidal adsorption isotherms of heavy metals on zeolite [11,19].

3.3. Results of kinetic modeling and mass transfer parameters

The model fit is shown in Fig. 4a-b. Taking into account the
complexity of the TP-HSDM and the quality of similar adsorption models
in the literature, the fit is satisfactory for both materials at all P con-
centrations with overall average relative error of 14.6% for CaT-Z and
17.4% for CaT-B, except that at 300 mg/L for CaT-B (ARE = 29.6%) due

to outliers in the fractional attainment region of 0.3-0.4 and 0.7-1
(Fig. 4b). Both average relative errors of the present TP-HSDM appli-
cation are higher than those (8.56% and 11.2%) derived from the
modeling of batch and fixed bed metal adsorption on zeolite [11,19]. A
plausible explanation can be the pore blocking by calcium phosphate
(Ca-P) phases composing a thin layer on the adsorbents surface or the
formation of new pores in this layer. A Ca-P layer has been previously
observed in SEM-EDS analyses of loaded CaT-Z (at Cp = 100 mg P/L)
[34] and also verified here for both adsorbents (subsection 3.5.2). In an
attempt to further investigate the scenario of pore blocking or formation
of new pores, the results of specific surface area and porosity analyses
are discussed in the subsection 3.5.3. Nevertheless, the TP-HSDM
resulted in solid phase diffusion coefficients ranging from 2.5 x 10710
to 8.7 x 10° ecm?/s for CaT-Z and from 1.6 x 107 to 4.78 x 10
em?/s for CaT-B (Table 4), which increased with the increase of
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Fig. 7. Qualitative EDS maps of (a) CaT-Z and (b) CaT-B areas after adsorption in 400 mg P/L. Brighter color-scale values indicate higher concentration of the

indicated elements.

concentration from 50 to 300 mg P/L (except that at 200 mg/L for
CaT-Z). In contrast, for granular activated carbon, Braun et al.[28]
estimated by the Fick’s second law an effective diffusion coefficient of
8.3 x 10”2 ecm?/s that was independent on P concentration (4-50 mg
/L).

In all cases the TP-HSDM showed that Biot number (Bi) is higher than
100 to infinite, i.e. the adsorption is controlled by the internal diffusion.
To further support this result, the Bi number was estimated indepen-
dently according to Eq. (10). The initial slope of the curve of the

logarithmic dimensionless P concentration versus time was estimated
using the first three experimental points from time zero to 300 or 600
Section (5-10 min) (Fig. 2). As shown in Table 4, the values of the
external mass transfer coefficient (k) were found to range from
2.16 x 10 to 8.38 x 10* cm/s for CaT-Z and from 4.40 x 10 to
1.75 x 10" cm/s for CaT-B. An earlier study of phosphate adsorption
using synthetic zeolite has estimated kf values in the order of magnitude
of 102 [15]. Values of 10 to 10 ¢cm/s are also reported for several
adsorption systems in the literature [48]. Based on the resulting surface
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Table 5
Physical properties of CaT-Z and CaT-B determined by the BET and BJH methods
before and after adsorption at 100, 300 and 400 mg P/L.

BET

m N, volume surface Total pore Average
Adsorbent P /gL adsorbed area volume pore width
3 * 3
cm”/g STP)* cm’/ nm
( g STP) (m%/g) ( ) (nm)

Cat-z 70.5 31 011 9.9
before

CaT-Z 100 77.7 40 0.12 8.4
after

Cal-z 300 91.6 50 0.14 8.0
after

CaT-z 400 183.7 36 0.28 29.3
after

caT-B 87.6 28 0.13 22.8
before

CaT-B 100 118.8 51 0.18 13.1
after

CalB 300 11029 49 0.16 12,5
after

CaT-B 400 2264.4 53 0.15 10.3
after

* At p/p° ~ 0.99.

phase diffusion coefficients, the Bi number for all kinetic runs was in the
order of magnitude of 10° (Table 4). These values are in agreement with
the results of the TP-HSDM, i.e. the predominance of the intra-particle
surface diffusion as the rate controlling mechanism during P adsorp-
tion on both adsorbents.
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3.4. Characterization of the adsorbents

3.4.1. XRD characterization

The XRD pattern of CaT-Z after adsorption at 500 mg P/L revealed
the phases of clinoptilolite, quartz, sanidine and illite (Fig S2a). The XRD
diffractogram of the loaded CaT-B revealed the presence of montmo-
rillonite, anorthite, kaolinite, illite, bytownite (plagioclase) and calcite
(Fig S2b). For both adsorbents, the XRD analysis did not reveal any
newly formed P-bearing mineral phase (such as Ca-P) suggesting that P
adsorption took place either as an amorphous phase or at a modal
content below the detection limit of the XRD technique.

3.4.2. SEM-EDS characterization

The SEM-EDS analyses (Table S1) on CaT-Z and CaT-B after
adsorption at 200 and 400 mg P/L revealed that large areas of the
particles were covered by a thin layer consisted of Ca-P-bearing phases
with average CaO and P,0s5 content of 43.1 and 41.4 wt% on CaT-Z and
44.2 and 38.6 wt% on CaT-B, respectively (Figs. 5 and 6). This layer is
an assembly of botryoidal (Fig. 5d for CaT-Z or Fig. 6a, e, f for CaT-B) or
concentric clusters composed by pm-sized acicular crystals (Figs. 5b-c,
5e-f). The EDS compositional maps reveal the spatial co-occurrence of
Ca and P coupled with the depletion of Si, Al, K (for CaT-Z) and Si, Al, Na
(for CaT-B) verifying the neo-formation of the Ca-P-bearing phases
(Fig. 7).

3.4.3. Nitrogen adsorption-desorption isotherms

The shape of all Ny adsorption-desorption isotherms of CaT-Z
(Fig. 8a) and CaT-B (Fig. 8b) before and after adsorption were charac-
terized by a hysteresis loop (H3 type) between the adsorption and
desorption branches at p/p° of 0.45-0.99 and a sharp increase in the N»
adsorbed volume at p/p° =~ 0.99 which indicates the presence of mac-
ropores [59]. The isotherms belong to the type IV curve with an almost
horizontal part in a wide range of p/p° suggesting the mesoporous
structure (2-50 nm) of both adsorbents [59]. This is confirmed by the
values of the average pore diameter (Table 5) derived by the BJH
method. As listed in Table 5, CaT-B adsorbed more N volume at p/p°
~ 0.99 than CaT-Z in all cases, suggesting a higher macropore volume
for CaT-B and the increasing formation of macropores in both adsor-
bents when P loading increased. The very high increase in the adsorbed
quantity of Ny to 1102.9 and 2264.4 cm®/g CaT-B after adsorption at
300 and 400 mg P/L, respectively, indicates that P loading affected the
macroporous structure of CaT-B in a different way than that of CaT-Z.
However, the N, porosimetry as well as the application of BET or BJH
methods present restrictions in the presence of micropores regarding the
interpretation of isotherm data or the resulting pore size analysis [59].
The pore size distribution of both materials is shown in Fig. S3.

The BET and BJH analyses revealed changes in the specific surface
area, the total pore volume and the average pore width (Table 5). After
adsorption at 100 and 300 mg P/L, the specific surface area notably
increased by 29-61% for CaT-Z and 75-82% for CaT-B, whereas an in-
crease in the total pore volume by 9-27% for CaT-Z and 23-38% for
CaT-B was observed. This result must be attributed to the formation of
the Ca-P layer on the P-loaded particles (Figs. 5 and 6), providing an
additional surface area and pore volume [60]. However, after adsorp-
tion at 400 mg P/L, the surface area of CaT-B slightly increased
(53 mz/g), whereas that of CaT-Z notably decreased (36 mz/g).

On the other hand, the average pore diameter of both adsorbents
decreased after adsorption at 100 and 300 mg P/L, and most notably for
CaT-B by 42-45% (Table 5) which supports the hypothesis of pore
blocking by complexes of Ca-P. This decreasing trend remained only for
CaT-B after adsorption at 400 mg P/L, since the average pore width of
CaT-Z increased to 29 nm. Clearly, these results are only an indication of
the underlying causes of the low quality fit of the model at high con-
centrations (Fig. 4). Further study is needed to investigate the pore
blocking hypothesis by using advanced instrumental analyses such as
high-resolution transmission electron microscopy or high-resolution
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argon (Ar) sorption porosimetry which can provide structural informa-
tion about pore shape (geometry), diameter, wall thickness and con-
nectivity [61,62].

4. Conclusions

The batch adsorption kinetics of PO4-P on modified zeolite and
bentonite were successfully described by a non-dimensional two-phase
homogeneous surface diffusion model (TP-HSDM) equipped with the
double selectivity isotherm model. The model application on the
adsorption kinetics at four different initial P concentrations (50, 100,
200 and 300 mg/L) exhibited an average relative error of 14.6% (CaT-Z)
and 17.4% (CaT-B) from the experimental data. According to the
modeling, the surface phase diffusion coefficient (D;) increased from
2.5 x 10™'? to 8.70 x 10'° em?/s for CaT-Z and from 1.60 x 107 to
4.78 x 10 em?/s for CaT-B with increasing initial P concentration. For
both adsorbents, the Bi number values indicated that the internal surface
diffusion was slower than the fluid film diffusion, being the controlling
mass transfer resistance during P adsorption. The model can contribute
to the understanding of the liquid-solid adsorption processes in porous
geosorbents avoiding incorrect approaches, uncritically repeated in the
literature and based on oversimplified kinetic models. Further investi-
gation is needed to apply a TP-HSDM of variable diffusivity on P
adsorption data and to elucidate how the formation of the Ca-P layer on
the adsorbents surface affects the porous structure and the mass transfer
modeling.
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