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ARTICLE INFO ABSTRACT

Phosphorous (P) in human urine is among the macronutrients in municipal wastewater that has exacerbated
eutrophication of water bodies. Adsorption of P from wastewater using cost effective, environmentally friendly,
and efficient adsorbents is considered as an attractive method that can both mitigate the eutrophication problem
and augment the already strained P reserves. In the present study the adsorption capacity and structural
properties of lateritic soil (LS), the adsorbent for removal of P from human urine, was investigated using XRF,
SEM, TGA and FTIR techniques. Batch adsorption experiments were conducted to determine various adsorption
parameters such as the sorption rates, the concentration, and the amount of adsorbed P at equilibrium. The
experimental equilibrium data were fitted to the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) ad-
sorption isotherms. Also, factors influencing adsorption such as the contact time, agitation speed, and adsorbent
loading were optimized using response surface methodology (RSM). Based on the D-R model, mean surface
adsorption energy of 1.313 x 10~ 2 kJ/mol was obtained suggesting that the adsorption occurred through weak
forces of interaction. The amount of adsorbed P on LS at equilibrium (q.) and pH = 7.5 increased with the initial
concentration of P in urine as well as with the contact time. The Langmuir maximum adsorption of P on LS was
found to be 15.5 mg/g. The RSM demonstrated that contact time 60 min, agitation speed 80 rpm, and adsorbent
loading 0.1 g in 25 mL of urine were optimum for the highest adsorption of P, and a desirability of 0.919. The
results presented here show that LS is a promising inexpensive adsorbent for effective removal of P from human
urine.
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1. Introduction

Phosphorous (P) is one of the most important macronutrient ele-
ments for the growth of terrestrial and aquatic plants and micro-
organisms. However, discharge of elevated concentrations of P from
agricultural and domestic sources into aquatic environments has ac-
celerated eutrophication, which has not only become a threat to the life
of the aquatic creatures but also causes growing environmental con-
cerns worldwide (Preisner et al., 2021). Discharge of wastewater from
agro-industrial and municipal treatment plants to water bodies has led
to increased loadings of phosphorous (Beusen et al., 2016). While high
concentrations of P are harmful to the environment, it is widely used in
fertilizer production, detergent manufacturing, and mineral processing.

The typical raw domestic wastewater conveyed to centralized waste-
water treatment plants contains human urine, which constitutes only
~ 1 % of the total volume. Despite urine taking only a small percentage
of the domestic water, it has approximately 50-80 % phosphorous
(Larsen and Gujer, 1996), which mainly exists in dissolved form as
phosphates (H,PO4 or HPO,%) (Udert et al., 2006). Although the
conventional centralized wastewater treatment systems target to elim-
inate or minimize phosphates and other macronutrients, the high in-
frastructural cost, and large freshwater required for conveying the
human excreta to treatment plants may inhibit their effective adoption
in low income, and water scarce countries. Further, effluents from
treatment plants in developing countries have high nutrient loads as a
result of overloaded capacities due to rising urbanisation, design
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weaknesses, poor maintenance, and inefficient monitoring for com-
pliance (Edokpayi et al., 2017). Thus, the concept of separation of
human excreta at the source and treating them to recover valuable
nutrients for crop production may provide the double benefit of re-
cycling the non-renewable phosphorus resources from human urine,
while also protecting aquatic ecosystems from eutrophication (Karak
and Bhattacharyya, 2011; Wilsenach et al., 2007). Also, it is acknowl-
edged that the need for removal and recovery of P from human urine is
necessary given that non-renewable P resources such as phosphate rock
reserves are gradually diminishing and will eventually be depleted (Van
Vuuren et al., 2010).

During the past decades, methods such as chemical precipitation,
biological treatment, ion-exchange, reverse osmosis, electrodialysis,
and adsorption have all been explored towards the removal of P from
water and wastewaters (Biswas et al., 2008; Boujelben et al., 2008;
Jeppesen et al., 2009; Mohamed, 2002; Xu et al.,, 2011). The latter
method can both remove and recover P, and it is the most economical,
more efficient, and relatively simple to operate (Martin et al., 2020).
Several adsorbents including, slag (Yamada et al., 1986), red mud
(Lopez et al., 1998), aluminium oxide (Tanada et al., 2003), fly ash
(Oguz, 2005), crab shells (Jeon and Yeom, 2009), and zeolite (Wu et al.,
2006) have been investigated for the removal of P from wastewater. In
particular, the presence of aluminium (Al) and iron (Fe) cations in
adsorbents is known to enhance their adsorption and chemical pre-
cipitation of P in wastewater (Bhattacharjee et al., 2021; Fulazzaky
et al., 2014). For instance, the use of Al based drinking water treatment
sludge for removing different phosphate species from wastewater has
been reported to be effective (Chittoo and Sutherland, 2014; Razali
et al., 2007; Yang et al., 2006). Acid mine drainage sludge has also been
demonstrated to be efficient in the removal of P from municipal was-
tewater treatment plant effluent due to the attraction of phosphates by
the Al and Fe cations (Wei et al., 2008).

However, besides elemental composition, optimal adsorption of
targeted nutrients from a solution is greatly affected by other adsorbent
properties such as surface area, ion-exchange capacities, and porosity
(Yadav et al., 2017). These properties vary among materials depending
on their morphology, functional groups, inherent composition, and the
synthesis conditions.

Lateritic soil (LS), represented in Fig. 1, is a low-cost naturally
available clay commonly found in humid regions, and is highly rich in

Fig. 1. Pictorial representation of lateritic soil with characteristic reddish-
brown color. Inset is an example of how the soil sample used in this study was
stored in an airtight vial for characterization.
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metal oxides of Fe and Al (Stoops and Marcelino, 2018) which play a
fundamental role in the removal of P from aqueous phases.

Most of the studies on the use of LS for adsorption have mainly
focused on the removal of fluorides (Osei et al., 2016; Sarkar et al.,
2006), and heavy metals (Glocheux et al., 2013; Mitra et al., 2016) from
water or wastewaters. An investigation on its application for the re-
moval of PO,> from wastewater is very recent (Bhattacharjee et al.,
2021). The concentrations of PO,% in human urine are orders of mag-
nitude greater than in the domestic wastewater (Maurer et al., 2006),
and so determining the LS adsorption capacity in natural human urine
would be important to optimize its use for the removal of phosphorous.
Also, determining the mechanism of sorption of P on LS will provide an
insight on the surface properties of LS.

To date, adsorption isotherm models have been widely used in in-
vestigating the sorption properties of adsorbents in aqueous solutions in
order to determine the capacity of a particular adsorbent for removal of
the intended ions or molecules in solutions (Ayawei et al., 2017). Both
linear and nonlinear regression methods have been very often used in
fitting the equilibrium adsorption data to the known adsorption iso-
therm models (Yaneva et al., 2013). However, growing discrepancy
have been observed between the predictions and experimental data
when linear regression methods are used in fitting the equilibrium
adsorption data to the isotherm models leading to unreliable estimates
of the model parameters (Foo and Hameed, 2010). Thus, researchers
(Abdullah et al., 2009; Yaneva et al., 2013) have reported that ex-
panding the nonlinear isotherms represents a potentially viable and
powerful tool, which could lead to an improvement in the area of ad-
sorption science.

In this work we have made an effort to understand the sorption
properties of a low-cost and abundantly available LS during the removal
of P from human urine. To our knowledge the phosphorous sorption
properties of LS in human urine have not been reported before. The
elemental composition, surface morphology, functional groups, and
thermal stability of the material have been investigated to assess its
potential for the adsorption of P. Batch adsorption experiments and
equilibrium isotherm modeling based on the nonlinear Langmuir,
Freundlich, and Dubinin-Radushkevich (D-R) equations have been
performed to examine the adsorption capacity, and the adsorption
mechanism of P on LS. In addition, the effect of contact time and the
initial concentration of P adsorption process have been explored.
Finally, response surface methodology (RSM) has been used to obtain
the optimal conditions of contact time, agitation speed, and adsorbent
loadings for enhancing the adsorption of P on LS.

2. Materials and methods
2.1. Materials

Human urine was collected from volunteers and used directly
without further purification. Lateritic soil was excavated 20 cm from
the ground surface, and impurities such as leaves and roots removed.
The soil was then dried in an oven at 104 = 1°C for 24 h under va-
cuum. The dried soil was then crushed, sieved to = 300 um and kept in
an airtight vial for further studies.

2.2. Materials characterization

Human urine was characterized for pH and temperature using a
Mettler Toledo SevenEasy S20 pH meter. Procedure used in determi-
nation of concentration of P in the urine is detailed in Section 2.3. The
elemental composition of lateritic soil was determined using a Bruker
S1 Titan 500 X-ray fluorescence (XRF) spectrometer. The thermal sta-
bility, and dehydration temperature were determined using a TGA-
Q500 thermogravimetric analyzer (TA Instruments). Approximately
5 mg of the soil sample powder was heated from 30 to 800 °C at a rate of
5°C/min under flowing N, gas. To determine the main functional
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groups an attenuated total reflectance Fourier transform-infrared (ATR-
FTIR) spectroscopic technique was performed using a Spectrum One
spectrometer. The spectrum was obtained in the range of
4000-650 cm ™! by averaging 40 scans at a spectral resolution of
4cm™ Y. A LEO 1550 scanning electron microscope (SEM) was used to
study the sample morphology. SEM images were recorded at an accel-
eration voltage of 1kV, and a working distance of ~ 4.5 mm. Sample
powders were dispersed on a double-sided carbon tape and mounted on
an aluminium stub prior to the analysis. A more extensive report on the
preparation and structural determination of the compounds has been
published by Otieno et al. (2021).

2.3. Analytical methods

Phosphorous (P) in the human urine samples was determined ac-
cording to Finnish standard Finnish standard (SFS, 3026) for determi-
nation of total phosphorous in water (Finnish Standards SFS 3026,
1986).

2.3.1. Preparation of phosphorous stock solution and working standards

Phosphorous stock solution (50 mg/L P) was prepared by dissolving
0.2197 g of dry potassium di-hydrogen phosphate (KH,PO,) in deio-
nized (DI) water. 10 mL of 4 M H,SO,4 was then added, and the solution
diluted to a total volume of 1000 mL. Phosphorous working solution (1/
50 dilution of the stock solution) was prepared by diluting 10 mL of the
stock solution with DI water to a total volume of 500 mL.

2.3.2. Procedure for obtaining calibration curve of phosphate and
calculating concentrations of phosphate in human urine

The first step in the SFS 3026 method for determining concentra-
tions of phosphate was to develop the standard calibration curve using
five working standards. In this method, calibration standards are pre-
pared by pipetting different amounts (1, 2, 10, 25 and 75mL) of
phosphate working solution into 100 mL volumetric flasks. They are
then acidified with 1 mL of 4 M H,SO,4 and diluted with DI water to the
100 mL mark. The calibration solutions therefore contained 10, 20,
100, 250 and 750 ng/L of P. Blank or zero samples were also prepared
by pipetting 10 mL of 4 M H,SO,4 in 1000 mL volumetric flask and then
adding DI water to the 1000 mL mark. Each sample investigated was
prepared in three replicates. 5 mL of potassium persulfate (5 gK,S;0g
per 100 mL DI water) solution was added into each bottle to transform
phosphorous into phosphates. The bottles were autoclaved at 120 °C for
40 min to expedite the transformation process and then cooled to room
temperature, 21 = 1°C. 1mL of each ascorbic acid (C¢HgOg) and
ammonium molybdate (NH,;)¢Mo,0,,4) reagents were then added for
color development. UV-Spectrophotometer (880 nm wavelength) was
used to obtain the total P readings. The absorbance and concentration
values of blank (zero) samples were read first followed by absorbance of
the standards whose concentration had been predetermined in the ex-
periment. The plot of absorbance against concentration of the blanks
and the standards gave a calibration curve from which the concentra-
tion of P in the samples of unknown concentration was calculated based
on the absorbance readings obtained by the spectrophotometer.

For the human urine whose concentrations of P were unknown,
0.5 mL of urine samples from the original urine samples (control) and
the adsorption experiment (filtrate) were pipetted into 500 mL volu-
metric flasks, acidified with 5mL of 4 M H,SO, then topped with DI
water to the 500 mL mark. 25 mL of each of the prepared samples were
transferred into clean autoclave bottles. Subsequent procedures already
described earlier in this section (addition of persulfate, autoclaving,
color development) were then followed, and the absorbance reading
obtained from the spectrophotometer used to calculate the concentra-
tion of the urine samples from the calibration curves.
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2.4. Batch adsorption studies

Six different concentrations of P 164.12, 283.55, 309.82, 439.95,
555.04, and 680.21 mg/L at 21°C, and pH = ~ 7.50 * 0.30, were
obtained by diluting the original urine sample with DI water. 25 mL of
urine was placed in each 250 mL conical flask and dosed with 0.2 g of
lateritic soil adsorbent. The samples were agitated continuously at
100 rpm for 30, 60, 90, and 120 min, respectively, with a laboratory
shaker (Heidolph unimax orbital shaker 2010, Germany). The experi-
ments were conducted in three replicates for each contact time and
initial concentration. The adsorbent was separated from the urine so-
lution through filtration using Whatman filter paper no. 42. The
amount of adsorbed P was calculated using Eq. (1)

_ G- v
9= @

where, C, and C,; (mg L™~ 1) are the concentrations of P in the urine at the
initial time, and at a certain time t, respectively, V (mL) is the volume of
urine, W (g) is the mass of adsorbent and g, (mg/g) is the amount of
adsorbed P per unit mass (g) of the adsorbent.

2.5. Adsorption isotherms

The analysis of the adsorption data is important to develop equa-
tions which accurately represents the results and that could be used for
design purposes. This is commonly done by fitting the adsorption
data to adsorption isotherms. Three equilibrium isotherms, the
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) models were
fitted in order to investigate the adsorption behavior of P on the la-
teritic soil.

2.5.1. Langmuir model

This model assumes that adsorption occurs in monolayer on active
sites with same adsorption energies (Ayawei et al., 2017). Its nonlinear
form (Foo and Hameed, 2010) is given as in Eq. (2)

qm KL Ce

©= Tikc )

where, g, (mg/g) is the amount of adsorbed P at equilibrium, C, (mg/L)
is the equilibrium concentration of P, g, (mg/g) is the saturated
monolayer adsorption capacity, K; (L/mg) represents the binding en-
ergy between the adsorbate and the adsorbent. The plot of experimental
and model g, against C, gives a nonlinear plot.

The Langmuir model constant (K;), can further be used to compute
the dimensionless separation factor (R;) according to Eq. (3)

1
1+ K, C, 3)

where, C, (mg/L) is the initial concentration of P in the solution, K
(L/mg) is the Langmuir constant, R; is a dimensionless separation
factor. If R is in the range between 0 and 1, then the adsorption process
is considered favorable (Hameed and El-Khaiary, 2008).

2.5.2. Freundlich model

This model is based on the assumption that adsorption occurs in
multilayer on heterogeneous adsorption sites (Ayawei et al., 2017). Its
nonlinear form (Foo and Hameed, 2010) is expressed as in Eq. (4)

g = KC!n Q)

where, g, (mg/g) is the amount of adsorbed P at equilibrium, C, (mg/L)
is the equilibrium concentration of P, K; and 1/n are constants in-
corporating the factors affecting the adsorption capacity and adsorption
intensity, respectively. The plot of experimental and model g, against C,
gives a nonlinear plot.
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2.5.3. Dubinin-Radushkevich (D-R) model

The D-R model is often employed to determine whether an ad-
sorption process is chemical or physical based on the mean surface
adsorption energy (Mahmoud, 2015). Its nonlinear form (Foo and
Hameed, 2010) is expressed as in Eq. (5)

9. = gs eXp(— KDREZ) )

where, g. (mg/g) is the amount of adsorbed P at equilibrium, gs (mg/g)
is the theoretical isotherm saturation capacity, -Kpg (mol?/kJ?), and ¢
are Dubinin-Radushkevich (D-R) model parameters. The constant ¢ is
calculated according to Eq. (6)

e= RTIn(1 + 1/C,) (6)

where, R is the universal gas constant (8.314 J/molK), T is the tem-
perature (Kelvin), C, (mg/L) is the equilibrium concentration of P. The
plot of experimental and model g, against C, gives a nonlinear plot.

The mean surface adsorption energy (E) (kJ/ mol) is calculated
using Eq. (7) (Hu and Zhang, 2019)

1

J2Kpr @

The adsorption process is considered physical if E < 8kJ/mol,
whereas chemisorption occurs if E > 18 kJ/mol (Mahmoud, 2015).

It is worth noting that, a trial-and-error nonlinear regression
method, which is applicable to computer operation, were used to
compare the best-fitting of the three isotherms using an optimization
routine to maximize the coefficient of determination R, between the
experimental, and isotherms data in the solver add-in with Microsoft
Excel spreadsheet (Yuh-Shan, 2006). The coefficient of determination
R? is defined as shown in Eq. (8).

@
Z (qe - qm)2 (8)

where q. (ing/g) is the equilibrium capacity obtained from experiment,
gm (mg/g) is the equilibrium capacity obtained from the isotherm
model, g,, and g, is the average of g., and q,,, respectively.

R =

2.6. Response surface methodology (RSM) experimental design and
evaluation

Response surface methodology (RSM) coupled with central com-
posite circumscribed design (CCCD) as described by Myers et al. (2004),
was employed to optimize the adsorption of P on lateritic soil and to
investigate the interactive effects of contact time (x;, min), agitation
speed (x2, rpm), and adsorbent loading (x3, g) on the adsorption process
of P. “Design-Expert® software, version 12, Stat-Ease, Inc., Minneapolis,
MN, USA, www.statease.com” was used for designing and analyzing the
experimental data. The coefficient of determination (R?) was used to
express the validity of the model, while adequacy or soundness of the
model was evaluated by analysis of variance (ANOVA). For statistical
calculations, the selected independent variables (contact time, agitation
speed, and adsorbent loading) were coded as follows Eq. (9)

Xi J(o

T Tux ©

where, x; is the coded variable, X; is the un-coded value of the ith in-
dependent variable, X, is the value of X; at the center point of the in-
vestigation area, AX is the step change.

Each variable was studied at 5 levels coded as — 1.682, — 1, 0, 1,
+ 1.682, where (— 1) is low level, (+ 1) is high level, (0) is the center
point, = 1.682 are codes for points defined by the design expert soft-
ware to be below and above the respectively designated low and high
levels in each factor studied. The parameters and levels for the ex-
perimental design used in this study are presented in Table 1.

The RSM model correlates the dependent variables to the in-
dependent variables considered through a second-order polynomial
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response equation given as in Eq. (10)

Y= Bo + ﬁ1x1 + ﬁ2x2 + ﬁ3x3 + ﬁ]lexz + 513x1x3 +523x2
X3 + Puxi 4 Ppxi + Buxi + € (10)

where, Y is the predicted response (in this case the amount of adsorbed
P), B, is the value of the fixed response at the center point of the design,
BG=1,23), B(i=11,22,33)and B;(ij = 12,13,23) are the linear,
quadratic and interaction effect regression terms, respectively, and «¢ is
the random error.

The 3D response surfaces were then drawn to visualize the in-
dividual and the interactive effects of the independent variables on the
adsorption of phosphorous, and results validated by conducting the
experiment at the predicted optimal conditions. The 3D plots are pro-
vided in the Supplementary information. To perform numerical opti-
mization for the adsorption of P on LS, the desirability function ap-
proach was followed. The desirability is a dimensionless entity that
represents the closeness of a response to its ideal value and usually
ranges from O to 1 with d = 0 being unacceptable, and d = 1 indicating
that the model response is equal to that of the target value (Li et al.,
2007; Myers et al. (2004)). In our study, the criteria setup for the RSM
during the numerical optimization was to maximize the contact time,
and minimize the agitation speed and adsorbent loading with the
overall goal of maximizing the adsorbed P on LS.

3. Results and discussion
3.1. Composition and structure of lateritic soil (LS)

The main components of lateritic soil as revealed by XRF data are
SiO, = 55.83wt%, Al,0; = 20.02wt%, and Fe;O; = 9.50 wt%
(Table 2). These results relate well with previous studies (Kamtchueng
etal., 2015; Ko, 2014). The mineral phases detected by the XRF analysis
corroborates the XRD data obtained by Otieno et al. (2021) where iron
oxide, silicon oxide, and aluminum silicates were found to be the
dominant components of LS.

The low amount of soluble alkaline oxides (CaO, K,O, and P,0s)
suggest that the soil had undergone extensive leaching making it acidic,
and infertile for crop production (Kisinyo et al., 2014). The thermal
stability illustrated in the TG-DTG curves (Fig. 2a), reveal the release of
weakly adsorbed water at T < 100 °C, followed by decomposition of
hemicellulose between 220 °C and 315 °C, and cellulose between 315 °C
and 420 °C, while the rapid mass loss between 420 and 650 °C is typical
of dehydroxylation of kaolinite (Kakali et al., 2001; Rocha and
Klinowski, 1990). The sample morphology is composed of aggregated
nanoparticles with size distribution in the range ~ 10-100 nm (Fig. 2a
insert).

The FTIR adsorption bands for surface water appear at frequency
values of 3630 cm ™!, 3590 cm™?, and 3550 cm ™! (symmetrical and
asymmetrical O-H stretching vibrations) (Lemougna et al., 2014) as
shown in Fig. 2b. The band around 2000 cm ™! is assigned to the pre-
sence of adsorbed carbonyl groups. The band around 1600 cm ™! cor-
responds to interlayer water molecules (H-O-H bending modes) in the
framework of the adsorbent (Lemougna et al., 2014). The bands in the
region 1200-700 cm ™! are associated with Si-O-Fe, Si-O, Al-OH, and
Fe-OH stretching vibrations, also observed for kaolinite-hematite
composite. (Kakali et al., 2001; Rocha and Klinowski, 1990). The ele-
ments Al and Fe have been widely reported to form complexes with
phosphate molecules thereby removing P from aqueous phases (Chittoo
and Sutherland, 2014; Razali et al., 2007; Yang et al., 2006).

3.2. Adsorption isotherms

To describe the adsorption behavior of P on LS and estimate the
adsorption maxima, the experimental data of the adsorption isotherms
were modeled using the nonlinear Langmuir, Freundlich, and Dubinin-
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Table 1
Parameters and levels for the experimental design.

Cleaner Waste Systems 4 (2023) 100081

Independent variable Symbol Code factor levels

-1.682 -1 0 1 1.682
Contact time (min) X1 20 30 45 60 70
Agitation speed (rpm) X2 39 80 140 200 241
Adsorbent loading (g) X3 0.03 0.1 0.2 0.3 0.37

Radushkevich (D-R) equations. The Langmuir adsorption model as-
sumes a monolayer adsorption on homogenous surfaces, while the
Freundlich model assumes a multilayer adsorption on heterogeneous
surfaces. The D-R model on the other hand can be used to distinguish
between physisorbed and chemisorbed ions based on the mean ad-
sorption energies of the available adsorption sites. The graphical plots
of the adsorption isotherms of the three models are presented in Fig. 3.

The coefficient of determination (R?) for Langmuir, Freundlich, and
D-R models were 0.999, 0.996, and 0.999, respectively implying that
the parameters obtained from the model were reliable in estimating the
P adsorption behavior of LS in human urine. Also, the calculated mean
surface adsorption energy (E = 1.313 x 10~ 2 kJ/mol) from the D-R
model presented in Table 3 shows that P was bound on the LS surface
by weak electrostatic (Van der Waal) forces since the value was below
8kJ/mol (Hu and Zhang, 2019). Other studies (Bhattacharjee et al.,
2021; Fulazzaky et al., 2014) have also reported that Al and Fe cations
in LS are responsible for the removal of P from an aqueous phase
through electrostatic attraction to form complexes. Thus, sorption me-
chanism is controlled by the chemical properties of the soil.

The adsorption capacities of different adsorbents are highly depen-
dent on the operating temperatures, material surface area, and initial
solution concentrations (Zhang et al., 2011). As shown in Table 4, it is
evident that LS used in this study can adsorb a maximum of 18.0 mg/g P
from human urine, which is in the typical range for many adsorbents;
9.8 mg/g for bentonites, 4.3 mg/g for wood aspen fibres, 41.97 mg/g
for calcined alunite, and 36 mg/g for Fe-Mn binary oxide among others.
The significantly high value of 384.61 mg/g reported in a very recent
study by Bhattacharjee et al. (2021) on the adsorption of P from sewage

effluent is very surprising, however, these authors did not provide a
satisfactory explanation for the high discrepancy.

3.3. Influence of contact time on the adsorption of P on LS

The effect of contact time on the adsorption of P on LS was studied
by dosing 0.2g of the adsorbent in 25mL of urine and shaking at
100 rpm for 30, 60, 90, and 120 min, respectively, at 21 °C, and pH of
~ 7.50 %= 0.30. As can be seen in Fig. 4, the capability of LS to adsorb
P from human urine was profoundly influenced by the contact duration
as exhibited by all the urine solutions with different initial concentra-
tions of P.

As illustrated in Fig. 4 it is evident that the adsorption of P on LS
mainly occurred in three stages. The adsorption of P was rapid within
the first 30 min of contact time. This is attributable to a large number of
vacant adsorption sites available. What follows is a gradual decline in
the sorption rate between 30 and 90 min, which could be due to the
adsorption sites being gradually occupied as the adsorption process
continued. In the final step, the adsorption of solutes tends towards
constant values beyond 90 min, suggesting saturation of the available
sorption sites. Ragheb (2013) observed a similar trend when slag and
fly ash was used to remove phosphate from aqueous solution. According
to the author a rapid uptake occurred in the first 30 min of contact
period but the amount of the adsorbed phosphates beyond 60 min re-
mained constant. The ionic gradient influences adsorption such that the
high difference in phosphate concentration between the solution and
the adsorbents at the onset of adsorption process resulted into a higher
rate of diffusion of the solutes through the pores of the adsorbent to the

Table 2
Chemical composition of LS from XRF analysis (wt%).
SiO, Al,O3 CaO Na,O K,0 TiO, MnO Fe,03 P,0s S
55.83 20.02 1.01 1.00 1.80 1.20 0.14 9.50 0.79 0.18
100
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Fig. 2. (a) Thermogravimetric analysis curve (solid line) and DTG curve (dashed line) of lateritic soil at a heating rate of 5 °C/min under N, flow, and its structural

morphology (inset), and (b) FTIR spectrum.
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Fig. 3. (a) Langmuir, (b) Freundlich, and (c) D-R isotherm model fits of lateritic soil.

internal adsorption sites. However, the diffusion of the solute ions into
the bulk of the adsorbent reduces towards equilibrium. In a study by
Bhattacharjee et al. (2021) using LS as an adsorbent for the removal of
P from sewage effluent, an initial rapid solute uptake was observed,
followed by a gradual decline and finally a steady state condition where
negligible uptake of the solutes occurred. These authors attributed the
initial rapid mass transfer of the phosphates to the adsorption sites to a
high ionic gradient. Moreover, the slow rate of phosphate sorption after
equilibrium could have also originated from an increase in the total
negative charge on the LS surface causing the repulsion of the anionic
phosphates in the solution. Ozacar (2003) reported that the adsorption
of P onto calcined alunite increased with time but remained constant
after 120 min. The author attributed the single, smooth, and continuous
time profile curve of the uptake of P to the possible monolayer ad-
sorption on the surface of the adsorbent. This is in conformity with the
results from the present study where Langmuir equation provided the
best fit to the isotherm data indicating a monolayer adsorption.

3.4. Effect of the initial concentration of P in urine on the amount adsorbed
by LS

Equilibrium studies were conducted to evaluate the adsorption ca-
pacity of P (qe) on LS using different initial concentrations, 164.12,

Table 3
Langmuir, Freundlich, and D-R isotherm parameters for the ad-
sorption of P on LS.

Isotherm parameters

Langmuir

Qmax (Mg/g) 15.5
Ky, 0.006
R. 0.5
R? 0.991
Freundlich

K¢ 1.1
1/n 0.4
R? 0.996
Dubinin-Radushkevich (D-R)

qs (mg/g) 14.0
Kpr 0.003
E (kJ/mol) 1.313 x 1072
R? 0.999

283.55, 309.82, 439.95, 555.04, and 680.21 mg/L at room temperature
(21 °C), see Fig. 5.

The increasing amount of the adsorbed P at equilibrium (q.) with
increase in the initial concentration could be due to more ions being
progressively available to attach themselves on to the adsorption sites
(Fig. 5). Also, the higher ionic gradient between the adsorption surface
and the solution at higher concentrations could lead to higher mass
transfer of phosphate ions to the adsorption surface and consequently
higher uptake of P. Similar results have been reported by
Ramakrishnaiah (2012) in a study of phosphate adsorption on low-cost
adsorbents. The author remarked that higher mass flow of ions to the
adsorption sites occurs at elevated solute concentrations than at low
concentrations. Wei et al. (2008) also found that phosphorous adsorp-
tion capacity of acid mine drainage sludge ranged from 9.89 to
31.97 mg/g when the concentration of municipal wastewater effluent
was increased from 0.21 to 13.61 mg/L. The authors argued that in-
creasing the concentration of the anionic phosphate ions in the solution
enhanced the electrostatic attraction between the ions and the posi-
tively charged surfaces of sludge particles.

3.5. Optimization of the adsorption of P on LS

3.5.1. Response surface methodology (RSM) experiment

The response surface methodology (RSM) was carried out to opti-
mise the adsorption of P on LS and to investigate interactive effect of
contact time, agitation speed and adsorbent loading. The optimisation
modeling was performed at 21 °C, pH of 7.83 and initial concentration
of P of 470.03 mg/L. The relationship between the response of adsorbed
P and the three influencing variables, contact time, agitation speed, and
adsorbent loadings considered in this study was analysed based on the
central composite circumscribed design (CCCD) with each variable
studied at 5 levels. The variations in the amount of the adsorbed P in
different runs for both the predicted and actual responses indicate that
the removal of P is strongly influenced by the variables considered in
this study. The result of each run is displayed in Table 5.

As shown in Table 5, a wide range of adsorbed amount of P on LS
from a minimum of 0.55 mg/g to a maximum of 132.73 mg/g occurred
for the predicted responses, indicating a strong correlation between the
adsorption of P and the contact time, speed, and loading. The estimated
second-order quadratic response model equation in coded form was
determined and evaluated to explain the adsorption behavior of P using
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Table 4

Adsorption of P on lateritic soil compared with other adsorbents.
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Adsorbent

Solution

Qmax (Mg/g)

Ref.

Lateritic soil
Lateritic soil
Lateritic soil
Calcined alunite
Bentonites

Wood aspen fibres
Fe —Mn binary oxide

Sewage effluent
Aqueous solution
Human urine
Aqueous solution
Aqueous solution
Aqueous solution
Aqueous solution

384.61 (Bhattacharjee et al., 2021)
31.25 (Hue and Tung, 2018)
15.5 This study

41.97 (Ozacar, 2003)

9.80 (Zhu et al., 2009)

4.30 (Eberhardt et al., 2006)

36 (Zhang et al., 2009)

“Design-Expert® software, version 12, Stat-Ease, Inc., Minneapolis, MN,
USA, www.statease.com” which is presented in Eq. (11)

Y = 1039 + 0.6112x — 14.20x% — 32.83x; + 1.69x% + 0.7538x0X; + 16.25%X;
+4.96x2 + 4.5802 + 23.73x;2
an

where, Y (mg/g) is the amount of the adsorbed P, x;, x», and x3 are the
coded terms for contact time, agitation speed, and adsorbent loading,
respectively.

The predicted amount of the adsorbed P for each run presented in
Table 5 was obtained by solving Eq. (11).

3.5.2. ANOVA analysis and reliability of the RSM model

The analysis of variance (ANOVA) was conducted to study the sig-
nificance of the quadratic model, while the value of the coefficient of
determination (R?) was used to determine the reliability of the quad-
ratic model in fitting the experimental data and accurately predicting
the output. The quadratic model had R? value of 0.972 implying that
approximately 97.2% of the variance in the experimental data is at-
tributed to the variables investigated. The quadratic model was there-
fore adequate in predicting the amount of adsorbed P under the given
experimental conditions since only 2.84 % of the total variations could
not be accounted for by the quadratic model. Moreover, the difference
between the predicted R? (0.782) and adjusted Rgdj (0.947) was < 0.2
suggesting that the predicted values (response) matched well with the
observed ones, implying that the regression model had an excellent
stability (Myers et al., 2004). The ANOVA results for the response
surface quadratic model for the adsorption of P are presented in
Table 6.
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Fig. 4. The influence of contact time for adsorption of P on LS. The errors are
smaller than the data marker. The lines drawn between the data points are a
guide to the eye.

The results show that the quadratic model is statistically significant at
95 % confidence level, with F-value of 39.05 and very low probability p-
value of < 0.0001, i.e., there is less than 0.01 % chance that the output
response is due to noise. The reliability and validity of the RSM model was
further investigated by the diagnostic plots presented in Fig. S1 (a—c).
From the plots, the Normal Plot of Residuals (Fig. S1a), and Predicted vs.
Actual (Fig. S1c) were both straight lines; while, the Residuals vs. Pre-
dicted (Fig. S1b), and Residuals vs. Run (Fig. S1d) were scattered ran-
domly. From the results, it can therefore be seen that the model is suitable
for use and can be used to identify the optimal conditions for achieving
the highest removal of P from human by LS. Based on the set criteria for
the model to maximize the contact time, and minimize the agitation speed
and adsorbent loading with the overall goal of maximizing the adsorbed
P, the selected solution was a contact time of 60 min, agitation speed of
80 rpm, and adsorbent loading of 0.1 g which yielded a predicted max-
imum P adsorption of 105.12 mg/g with a desirability of 0.919.

The 3D graphical plots showing the interactive effects of contact
time, agitation speed, and adsorbent loading on the adsorption of P are
presented in the Figs. S2-54 in the Supplementary information. Among
the three factors, contact time, agitation speed, and adsorbent loading
optimised for achieving optimal adsorption of P on LS, increasing the
contact time did not depict any significant change in slope of the re-
sponse surface curvature (Figs. S3 and S4). This corroborates the
ANOVA results which showed no significant (P > 0.05) effect on up-
take of P with increase in contact time. This implies that once the
equilibrium is reached, no further adsorption can occur since all the
active sites are occupied.

On the other hand, increasing the agitation speed beyond 80 rpm
showed a gradual decline in the amount of the adsorbed P as depicted
in the 3D graphs presented in Figs. S2 and S4 in the Supplementary
information. We can draw parallels with a study by Geethakarthi and
Phanikumar (2011) where the adsorption of reactive dyes on activated

16

qe (Mg/g)

T T T T
309.82 439.95 555.04 680.21

Initial concentration of P (mg/L)

T T
164.12 283.55

Fig. 5. Influence of the initial concentration of P in urine on the amount ad-
sorbed by LS. The errors are below 1% for each data point.
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Table 5
The central composite circumscribed design (CCCD) experiment and results.
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Coded values Actual values

Adsorbed phosphorous

Run X3 X2 X3 Contact time (min) Speed Loading Actual Predicted (mg/g)
(rpm) 8 (mg/g)
1 1.682 0 0 70 140 0.20 33.17 25.45
2 1 -1 -1 60 80 0.10 96.64 105.12
3 -1 1 -1 30 200 0.10 32.11 44.49
4 0 0 0 45 140 0.20 10.15 10.39
5 0 -1.682 0 45 39 0.20 43.10 47.22
6 0 0 0 45 140 0.20 10.15 10.39
7 0 0 0 45 140 0.20 10.15 10.39
8 1 1 1 60 200 0.30 6.94 15.93
9 -1.682 0 0 20 140 0.20 23.92 23.39
10 -1 -1 1 30 80 0.30 10.07 9.10
11 0 0 -1.682 45 140 0.03 144.49 132.73
12 1 -1 1 60 80 0.30 15.01 8.46
13 0 0 0 45 140 0.20 10.15 10.39
14 0 0 0 45 140 0.20 10.15 10.39
15 0 0 0 45 140 0.20 10.15 10.39
16 0 1.682 0 45 241 0.20 11.81 0.55
17 -1 1 1 30 200 0.30 12.47 9.82
18 0 0 1.682 45 140 0.37 18.78 22.30
19 -1 -1 -1 30 80 0.1 111.93 108.77
20 1 1 -1 60 200 0.1 40.78 47.58

carbon was seen to decline with increase in the agitation speed beyond
120 rpm. The desorption or detachment of the adsorbed molecules at
higher speed suggest that there is an optimal agitation speed or tur-
bulence for any adsorption process. However, increasing the agitation
speed gradually up to the optimum generally leads to a gradual increase
in the amount of solutes adsorbed. For instance, Zahoor (2011) ob-
served that the adsorption of imidacloprid on activated carbon in-
creased with the agitation speed from 200 up to 300 rpm beyond which
no significant increase in the adsorption occurred. The author argued
that increasing turbulence decreases the boundary layer thickness sur-
rounding the adsorbent particles leading to an increase in the accessi-
bility of the available adsorption site. However, insignificant increase in
the adsorption beyond 300 rpm implies that for any adsorption process,
there is an optimum speed to achieve optimal adsorption, and thus
should be investigated for every adsorbent.

The removal of solutes in aqueous phase will generally be affected
by the adsorbent dosage since the adsorbents provide attachment sites.
In our study, adsorbent dosage beyond 0.1 g led to a decline in the
amount of the adsorbed P as shown by the 3D graphs in Figs. S2 and S3
in the Supplementary information. This is line with the work by
Drenkova-Tuhtan et al. (2017), which reported a decrease in the re-
moval of phosphates with increase in the adsorbent dose beyond the
optimum dosage. The authors credited this observation to agglomera-
tion of particles at higher dosage thereby reducing the accessibility of
the active adsorption sites. In contrast, Xiong et al. (2011) reported that
phosphate removal from aqueous solution increased with the amount of

Table 6

ANOVA for response surface quadratic model.
Source F-value p-value
Model 39.05 < 0.0001 Significant
X1-contact time 0.0643 0.8050 Not significant
X»-agitation speed 34.71 0.0002 Significant
Xx3z-adsorbent loading 185.47 < 0.0001 Significant
X1X3 0.2866 0.6041 Not significant
X1X3 0.0573 0.8157 Not significant
XoX3 26.62 0.0004 Significant
x;? 4.47 0.0606 Not significant
Xx5? 3.80 0.0797 Not significant
X532 102.27 < 0.0001 Significant

R, R2y; (coefficient of determination) of the model is 0.972, 0.956, respectively.

powdered freshwater mussel shells, an observation they attributed to an
increase in the available surface area for attachment of phosphates.
Based on the above discussion, it is worth pointing out that to achieve
an optimal removal of solutes in any given fixed volume of a solution,
the adsorption experiments should be carried out at optimum contact
time, agitation speed and adsorbent dosage.

4. Conclusions

To sum up, it can be inferred that the amount of the adsorbed P on
LS at equilibrium (q.) and pH = 7.5 increased with the initial con-
centration of P in urine as well as with the contact time. The presence of
aluminium and iron in LS are associated with Al,03 and Fe,O5 as seen
by XRF, and the hydroxyl groups, Fe/Al-OH as detected by the FTIR
analysis. It is therefore reasonable that a high surface-active site will be
formed when the surface hydroxyl groups become positively charged
through protonation, thus adsorbing electronegatively charged P
through electrostatic forces with mean adsorption energy of
1.313 x 10~ 2 kJ/mol as per the D-R model. This mechanism may well
facilitate the high adsorption capacity of P of 15.5mg/g obtained
herein, a value that falls within the range of those previously reported
in the literature. Also, the most desirable optimal conditions to attain
the highest adsorption of P on LS (105.12 mg/g) were described by the
RSM model as contact time of 60 min, agitation speed of 80 rpm, and
adsorbent loading of 0.1 g. This process shows a potential of increasing
the practical efficacy of the adsorbent for P removal.
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