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Abstract The objective of this research is to analyse the
feasibility of reusing the fly ash waste, which is pro-
duced in biomass plants, during the production of re-
newable energy, for controlling phosphorus contamina-
tion in the wastewater being processed in sewage treat-
ment plants. The research examines the efficiency of
using different types of ash, obtained from representa-
tive biomass materials after combustion in an energy
plant (paulownia wood, wheat straw and barley straw),
in removing phosphorus from water. The ashes were
respectively mixed with synthetic water, rich in
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phosphorus; then, using batch experiments, the effects
that the pre-treatment of ash, adsorbent dosage, contact
time and temperature had on the adsorption process
were studied. The main results show that phosphorus
adsorption by the tested ashes augments as temperature
increases. Similarly, the adsorbed amount of phosphorus
increases by increasing the dose of the adsorbent. In
addition, the adsorption of phosphorus by these three
materials has been described well by the Langmuir
isotherm equation. It has been found that the removal
process of phosphorus was endothermic. Finally, this
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study concludes that waste ash from biomass plants can
be used to remove phosphorus from wastewater in sew-
age treatment plants.

Keywords Adsorption - Ash - Biomass - Circular
economy - Phosphorous - Wastewater

1 Introduction

The high content of phosphorus and nitrogen in bodies
of water that proceeds from wastewater and agricultural
fertilization leachate generates problems of eutrophica-
tion in rivers, lakes (Garcia-Nieto et al. 2016) and la-
goons (Martin et al. 2013; Soria et al. 1987).

The European Union is determined to improve the
quality of its water bodies, for instance through the
removal of phosphorus, which causes eutrophication
(European Commission 1991). At the same time, the
EU is interested in reusing its critical raw materials, such
as phosphorus, within a circular economy perspective
(Gislev et al. 2018). Hence, it is important to make a
correct use of this mineral, as well as reuse the phos-
phorus contained in wastewater.

The EU has emitted several directives in this respect.
According to the European Directive 91/271/CEE, the
limit values of phosphorus in bodies of water are
2 mg L' in agglomerations of between 10,000 and
100,000 population equivalent and 1 mg L ™" in larger
agglomerations (European Commission 1991). Also,
the European Directive 2009/28/EC has established that
by 2020 at least 20% of primary energy consumption
should come from renewable sources (European
Commission 2009).

The production of cereal occupies a third of the
cultivable surface within the European Union
(European Commission 2014). For example, in Spain,
2,122,000 ha of wheat and 3,177,000 ha of barley are
produced (Schils et al. 2018). Furthermore, in different
regions of Spain, the culture of using cereal residual
biomass in order to generate alternative energy is being
implemented (Ortiz de Zarate et al. 2005; Garcia-
Maraver et al. 2012; Santamarta et al. 2014; Ubeda
Delgado and Antolin Giraldo 1995).

Additionally, an effective way of producing renew-
able energy is to use wood from plantations or forests,
reducing dependence on fossil fuels (Deboni et al.
2018). For example, Paulownia spp. plantations are
being cultivated in different countries to produce

biomass for the generation of energy (Fernandez-
Puratich et al., 2014, Senelwa and Sims 1999). They
are also being grown to produce energy crops (Zegada-
Lizarazu et al. 2010, Krasuska et al. 2010, Fernandez-
Puratich et al. 2017), due to the rapid growth.

One of the main technical problems for energy pro-
duction through biomass is the generation of waste, such
as fly ash (Ortiz de Zarate et al. 2005). Biomass ashes
can find applications in agriculture as fertilizer
(Ingerslev etal. 2011), as well as in adsorption processes
(Ahmaruzzaman 2010, Giron et al. 2013).

Phosphorus in water can be eliminated by adsorption
with different biomass ashes (Mor et al. 2016). Adsorp-
tion is a process by which atoms, ions or phosphorus
molecules (adsorbate) dissolved in water are retained on
the solid surface of a material, in this case one of the
three ashes (adsorbent).

Various scientific articles have detailed different
ways of performing adsorption with biomasses, for in-
stance the adsorption of phosphorus with rice husk (Mor
et al. 2016), the adsorption of phosphorus with resins
made of wheat (Liu et al. 2013) or the adsorption of
nickel with barley (Thevannan et al. 2010).

Taking into account the actual state of the art, the
research aims to study the elimination of phosphorus
from wastewater through adsorption processes, for re-
ducing the eutrophication problems present in the
Albufera Lagoon in Valencia, reusing ash waste pro-
duced in biomass plants. The materials wheat straw ash
(WSA), barley straw ash (BSA) and paulownia wood
ash (PWA) are produced in biomass plants in rural areas.
This biomass plants are suplied by fast-growing forest
plantations for producing energy crops with as well as
from residues of sylvicultural treatments (thinning or
pruning). To do this, batch-type experiments using
WSA, BSA and PWA allow the analysis of the effect
of several parameters on the removal of phosphorus
from wastewater, that is contact time, phosphate-ash
ratio, ash dose and temperature.

2 Materials and Methods

2.1 Preparation and Characterization of Adsorbents
‘Wheat straw was obtained from wheat fields of Ademuz
(Spain), geographical coordinates: 40° 2" 11.29" N, 1°

18" 6.37" W. Barley straw was obtained from barley
fields of Ademuz (Spain), geographical coordinates:



40° 2' 27.07" N, 1° 18" 11.60" W. Paulownia was
obtained from wood production fields of Paiporta
(Spain), geographical coordinates: 39° 25" 25.13" N,
0° 26’ 19.72" W. After combustion in a bioenergy plant
located in Ademuz (Spain), the three ashes were heated
at 823 K for 1 h in muffle furnaces; the WSA and PWA
lost around 25% of weight and the BSA lost around
15% of weight.

Thereafter, each ash was washed with distilled
water until the electric conductivity was less than
1 mS cm . Following Mor et al. (2016), the ashes
were dried at 378 K in an oven for 24 h to achieve
constant weight and sieved again to ensure uniform
particle size.

Characterization of adsorbents was done using dif-
ferent techniques. Nitrogen concentration was deter-
mined through the Kjeldahl method (AOAC 2000)
using a Kjeltec 2100 Distillation Unit (FossTecator,
Hogamés, Sweden). For the analyses of minerals, 2 g
of the ashes was then dissolved in 2 mL of concentrated
HCI. The mixtures were heated until the first vapours
appeared, and immediately distilled water (2—-3 mL) was
added. Subsequently, the mixtures were filtered using an
ash-free filter and the extracts were brought up to
100 mL with distilled water. K and Na were analysed
by flame photometry using a Jenway PFP7 (UK) flame
photometer, and the rest of the minerals (Al, Ca, Cd, Co,
Cr, Cu, Fe, Li, Mg, Mn, Ni, P, Si and Zn) were analysed
by inductively coupled plasma optical emission spec-
trometry (Agilent 700 Series ICP Optical Emission
Spectrometer). Multi-element calibration standards
were prepared with specific concentrations of the differ-
ent elements. Table 1 shows the wavelength values used
in each determination and the range of the calibration
line used.

Carbon concentration was determined through the
Walkley and Black method (Walkley and Black 1934)
based on the Schollenberger method (Schollenberger
and Simon, 1945).

The pH determination of the samples was determined
in the aqueous extract 1:5 (ash:water) using a Crison
pH&lon-Meter GLP 22+. The electrical conductivity
measurement was determined in the aqueous extract
1:5 (ash:water) using a conductometer WTW Multi
340i.

Three replicates were analysed for every sample; the
concentration values used were the mean of the three
readings.

Table 1 Elements, wavelength values and the range of the cali-
bration line

Element Wavelength (nm) Range of the calibration
line (ppm)

Al 396.152 0-5

Ca 317.933 0-50

Cd 214.439 0-1

Co 228.615 0-1

Cr 267.716 0-1

Cu 324.754 0-1

Fe 259.940 0-5

K 766.491 0-50

Li 460.289 0-1

Mg 285.213 0-10

Mn 257.610 0-1

Na 590.000 0-10

Ni 231.604 0-1

P 177.434 0-10

Si 288.158 0-50

Zn 213.857 0-1

The particle morphology of the samples was studied
by field emission scanning electron microscopy
(FESEM), using a ZEISS Ultra5-55 microscope. More-
over, textural properties were determined by N,
adsorption-desorption isotherms measured on a
Micromeritics ASAP 2020 at 77 K.

2.2 Adsorption Kinetics

Adsorption isotherm experiments following Langmuir
(1916), Freundlich (1906) and Temkin (1941) were
conducted varying contact times from 0 to 120 h with
initial phosphorus concentration of 80 mg L™" for PWA
and WSA, and 90 mg L' for BSA at different temper-
atures (283 K, 293 K and 303 K).

The Langmuir adsorption (Langmuir 1916) is:

Lbe

where ¢, is the amount of sorbate at time and equilibri-
um (mg g '), C, is the equilibrium concentration of the
remaining solute in the solution (mg LY, Gmax 1S the
amount of adsorbate per mass unit of adsorbent at com-
plete monolayer coverage (mg g ') and K is the Lang-
muir equilibrium constant relating to the strength of
adsorption (L mg ).



The Freundlich (Freundlich 1906) is:

1
qe = KL Cg (2)

where ¢, is the amount of sorbate at time and equi-
librium (mg g "), C. is the equilibrium concentration of
the remaining solute in the solution (mg LY and n and
K are the Freundlich equilibrium constant.

The Temkin (Temkin 1941) is:

g = Bin(Kr Co) 3)

where ¢, is the amount of sorbate at time and equilibri-
um (mg gfl), Kt (L mgfl) is the Temkin equilibrium
constant and B (mg g ) is related with the variation of
adsorption energy and C. is the equilibrium concentra-
tion of the remaining solute in the solution (mg L™").

The model that best adapts to the isotherms of ad-
sorption is the model of Langmuir, in adsorptions of
equivalent ions and monolayer on the surface of the
adsorbent (Ahmaruzzaman 2010; Seliem et al. 2016).

When isotherm arrived at equilibration in WSA, BSA
and PWA at 4 days (96 h), the solution was filtered through
a Prat Dumas glass microfiber filter (25 mm and retention
micrometry 1.2 um) to separate the solid from liquid
phase. The liquids were collected in clean vials. The
concentration of phosphorus was determined using a chro-
matograph Spectroquant NOVA 60. Figure 1 shows the
time that the kinetic needs to reach the equilibrium.

2.3 Batch Adsorption Experiments
Adsorption experiments were carried out in batch mode

by using different concentrations of sodium hydrogen
phosphate (Na,HPO4) on 50 mL of synthetic

Fig. 1 Kinetic of PWA, WSA and BSA in conical flask at 293 K

wastewater in a 100-mL conical flask and then stirred
at 283 K, 293 K and 303 K of temperature.

Phosphorus stock solution (80 mg L™") was prepared
by dissolving 0.3704 g sodium hydrogen phosphate
(Na,HPO,) in 1 L of distilled water. Further serial
dilutions were made to have synthetic wastewater of
desired phosphorus concentration (2.5, 5, 10, 15, 20,
25, 30, 40, 50, 60, 70 and 80 mg L ™).

Adsorption studies for PWA were carried out with
doses 1.5g L', 25 gL " and 5 g L', for BSA and
WSAwith25gL™",5gL " and 10 g L', all having
contact time of 96 h. After adsorption, the solution was
filtered through the Prat Dumas glass microfiber filter
(25 mm and retention micrometry 1.2 um) and phos-
phorus concentration was determined using a chromato-
graph Spectroquant NOVA 60.

The percentage removal of phosphorus was calculat-
ed by using the following formula:

C,—C
%Removal efficiency = OC L % 100 (4)

o
C, is the initial concentration (mg L") and Cr is the
final concentration of phosphorus (mg L™).

3 Results and Discussion
3.1 Characterization of Adsorbent

The characterization of the different ashes is summa-
rized in Table 2. It can be seen that alkaline earth is the
main component in the adsorbents principally calcium
and magnesium. In addition, alkalines are present, the
main elements being potassium and sodium. There are
other metal oxides such as aluminium, iron or copper.
This fact agrees with the contribution of nutrients to
the soil by the straw ashes that had been described by
Ribé et al. (2017). The low percentage of carbon indi-
cates that these materials are essentially inorganic.
Moreover, the scanning electron micrograph of the
adsorbents shows materials with different shapes, sizes
and structures are non-crystalline with a heterogenic
distribution of particles in the materials (see Fig. 2).

3.2 Effect of Adsorbent Dose

The removal of phosphorus was carried out using syn-
thetic wastewater containing 2.5, 5, 7.5, 10, 15, 20, 25,



Table 2 Physical and chemical properties of the adsorbent
materials

Samples WSA BSA PWA
pHpzc 11.89 11.49 11.00
Elementary analysis (wt%)
Carbon 1.102 0.938 0.818
Nitrogen 0.034 0.042 0.025
Composition (wt%)
Si 0.481 0.144 0.213
Al 1.526 0.282 0.232
Fe 1.020 0.228 0.150
Mn 0.041 0.022 0.012
Mg 2423 2.541 1.459
Ca 17.140 8.220 6.360
Na 1.299 1.263 2.559
K 3.474 6.527 3.064
P 1.961 1.235 1.173
Zn 0.106 0.013 0.005
Cu 0.0393 0.0030 0.0036
Li 0.0051 n.d. n.d.
Ni 0.0010 n.d. 0.0019
Co n.d. n.d. 0.0030
Cd n.d. n.d. n.d.
Cr 0.00073 n.d. n.d.

n.d. not detected

30, 40, 50, 60, 65, 70, 75 and 80 mg L' of phosphorus.
Adsorption isotherm experiments were conducted dur-
ing contact time 96 h. The results obtained show that the
amount of phosphorus-removed increases with increas-
ing the adsorbent dosage (see Fig. 3) and during the
adsorption process until reaching the equilibrium. This
behaviour was also observed by Chen et al. (2016).

In the case of the PWA, the percentage of phosphorus
removal varies with the phosphorus-ash ratio (24.84—
98.80%). With the WSA, the percentage of phosphorus
removal varies with the phosphorus-ash ratio (28.58—
94.61%), and with the BSA, the percentage of phospho-
rus removal varies with the phosphorus-ash ratio
(42.29-98.49%).

Figure 4 shows that PWA achieves the maximum
adsorption (98.80%) with a concentration at 5 g L™
and 293 K. A high capacity for phosphorus removal
(13.18 mg P g ") has been observed with a concentra-
tionat 1.5 g L ™" and 293 K. Water conductivity varies in
the range 271-921 uS cm' and increases with ash

concentration and phosphate-ash ratio, as demonstrated
by Kawakita et al. (2008).

Furthermore, Fig. 5 shows that WSA shows maxi-
mum adsorption (94.61%) with a concentration at
10 g L™! and 293 K. A high capacity for phosphate
removal (9.14 mg P g ') has been observed with a
concentration at 2.5 g L™" and 293 K. An ion exchange
process has been observed during phosphorus adsorp-
tion. Water conductivity varies in the range 470—
1413 uS cm ' and increases with ash concentration
and phosphorus-ash ratio (Kawakita et al. 2008).

Moreover, Fig. 6 shows that BSA with a concentra-
tion at 10 g L' and 293 K shows maximum adsorption
at 98.49%. A high capacity for phosphorus removal
(13.52 mg P g ') has been observed with a concentra-
tion at 2.5 g L' and 293 K. An ion exchange process
has been observed during phosphorus adsorption. Water
conductivity varies in the range 366—1214 uS cm ' and
increases with ash concentration and phosphorus-ash
ratio (Kawakita et al. 2008).

Finally, PWA, BSA and WSA data indicates that the
adsorbed amount of phosphorus increased with the in-
creasing dose (g LY of adsorbent. Thus, with the
increasing adsorbent amount, the decreasing adsorption
capacity was due to the increasing interface area. But for
the adsorption of phosphorus, more ions went into the
adsorbent by way of swelling and water absorption by
the adsorbent. So, when the ash dose was increased, an
increase in phosphorus removal was also observed, as
some other authors have also documented for other ash
materials (Ma et al. 2011; Vassileva and Voikova 2009).

3.3 Adsorption Isotherms and Effect of Temperature

The temperatures of 283 K, 293 K and 303 K were
chosen because the temperature of wastewater coming
to rivers and lagoons in the Mediterranean area is
normally within these chosen ranges. Martin et al.
(2013) measured average temperatures of 291.75 K. In
another study, Soria (2006) measured average tempera-
tures 0f291.85 + 6.9 K for the period between 1986 and
1998 and 292.55+6.2 K for the period between 1997
and 2000.

The study of the effects of temperature was carried
out. The adsorbent contacts with the phosphorus until
reaching a constant equilibrium, which happens after
4 days (96 h). The removal of phosphorus was carried
out using synthetic wastewater containing 2.5, 5, 7.5,
10, 15, 20, 25, 30, 40, 50, 60, 65, 70, 75 and 80 mg L™



Fig. 2 Scanning electron
micrograph of WSA (a), BSA (b)
and PWA (c¢) adsorbents
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Fig. 3 ¢max of WSA and BSA in 15

conical flask with 2.5, 5 and 1 R?=0.9913
10g L' and Gmax Of PWA in
conical flask with 1.5, 2.5 and B
5gL",at293K 12
CrREl
L)
oo
Elo R?=0.9941
3
E9
T
8
APWA
® WSA R?=0.9983
° mesa
5
1 2 3 4 8 9 10 11

of phosphorus. Figure 7 shows the g.x of the three
materials considering that the experiments were con-
ducted at different temperatures (283 K, 293 K and
303 K) and with 5 g L™ for WSA and BSA and
2.5g L for PWA.

The adsorption isotherms were carried out with the
same amounts of phosphorus so as not to vary the
electrical conductivity of the solution, because of this
the amounts of adsorbent vary so that the adsorption
isotherm reaches equilibrium.

The obtained results demonstrate for PSA that the
temperature increases the phosphorus removal from
96.99 to 97.31%, with a concentration at 2.5 g L' and
303 K. Figure 8 shows the maximum adsorption at
97.31%. The best capacity for phosphorus removal
(15.7 mg P g ') was observed with a concentration at
2.5 gL " and 303 K for PSA. Water conductivity varied

16.0

14.0

12.0

10.0

8.0

. /(mgP g?)

6.0

4.0

2.0

0.0

0.0 20.0 40.0 60.0 80.0
C. /(mgP L?)

Fig. 4 PWA in conical flask with 1.5,2.5and 5 g L 'and25,5,
10, 15, 20, 25, 30, 40, 50, 60, 65, 70 and 80 mg L! of phosphorus,
at 293 K

5 6 7
Adsorbent dosage (g L-1)

in the range 0f 361738 uS cm ' and increases with the
temperature, similar to other authors (Mor et al. 2016).

Furthermore, for WSA, the temperature increases the
phosphorus removal from 83.05 to 93.94%, with a
concentration at 5 g L' and 303 K. The maximum
adsorption is at 93.94%, as shown in Fig. 9. The worst
capacity for phosphorus removal (9.57 mg P g ') has
been observed with a concentration at 5 g L' and 303 K
for WSA. Water conductivity varies in the range 676—
1147 uS cm™ ' and increases with the temperature. This
behaviour is also observed by El-Naas et al. (2010) and
Mor et al. (2016).

Moreover, for BSA, the temperature increases from
95.85 to 97.5% the phosphorus removal, with a concen-
tration at 5 g L' and 303 K. Figure 10 shows the
maximum adsorption at 97.5%. The second best capac-
ity for phosphorus removal (13.06 mg P g ') has been

10.0

. /(mgP g?)

mio

0.0 20.0 40.0 60.0 80.0
C. /(mgPL?)

Fig. 5 WSA in conical flask with 2.5, 5and 10 g L 'and25,5,
10, 15, 20, 25, 30, 40, 50, 60, 65, 70 and 80 mg L! of phosphorus,
at 293 K



0.0 10.0 20.0 30.0 40.0 50.0
C. /(mgPL?)

Fig. 6 BSA in conical flask with 2.5, 5and 10 g L 'and 25,5,
10, 15, 20, 25, 30, 40, 50, 60, 65, 70 and 80 mg Lt of phosphorus,
at 293 K

observed with a concentration at 5 g L' and 303 K for
BSA. Water conductivity varies in the range 725—
997 uS ecm ' and increases with the temperature, fol-
lowing also the results obtained by Mor et al. (2016).
Table 3 summarizes the isotherm models for adsorp-
tion of phosphorus for the three ashes at the different
temperatures tested. Consequently, PWA, BSA and
WSA data indicate that adsorption increases when tem-
perature increases. This finding matches other studies
that confirm that increasing the temperature increases
the adsorption efficiency (El-Naas et al. 2010; Mor et al.
2016). In addition, Table 3 shows the fitted parameters
of the three studied isotherm models, including coeffi-
cients of determination (Rz). According to the data
obtained, Freundlich isotherm model presents the worst
value R? in all cases. The lower difference Akaike’s

Fig. 7 ¢max of WSA and BSA in 16
conical flask with 5 g L™ and

Gmax Of PWA in conical flask with
2.5g L7, at 283,293 and 303 K "

15

gmax/mg g
R
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=
S}
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R?=0.9941

0.0 T T T T T
0.0 10.0 20.0 30.0 40.0 50.0 60.0

C. /(mgPL?)

Fig.8 PWA in conical flask with 2.5 g L 'and 2.5, 5,10, 15, 20,
25, 30, 40, 50, 60, 70 and 80 mg L of phosphorus, at 283, 293
and 303 K

Information Criterion (AIC) (Motulsky and Healey
2005) value was obtained with Langmuir isotherm mod-
el. Hence, this model is the most probable.

The theoretical Langmuir equation (Langmuir
1916) was originally applied to the adsorption of
gases on a solid surface and, subsequently, to the
liquid phase. The dynamic equilibrium of adsorption
is related with the rate constants of adsorption and
desorption. At equilibrium there is no net change, the
sum of these two rates is zero, and the constant of this
equilibrium (ratio between the adsorption and de-
sorption rate constants) is the Langmuir equilibrium
constant (Kp). Assuming that, K; is essentially an
equilibrium constant of the overall process that takes
place during the phosphorus adsorption. So, its tem-
perature dependence can be used to determine the

R?=0.9919

R?=0.9303 APWA
o wsa
mBSA
285 290 295 300 305

Temperature/K
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Fig. 9 WSA in conical flask with 5 g L 'and 2.5, 5, 10, 15, 20,
25, 30, 40, 50, 60, 70 and 80 mg L of phosphorus, at 283, 293
and 303 K

isosteric enthalpy of adsorption, A,3H°, using the
Van’t Hoff equation (Van’t Hoff 1887):

OInK \  AuH° 5
(arm), =% ®)
where In denotes natural logarithm, K is the equilib-
rium constant, 7 is the temperature, 6 is the coating
fraction, A, 4H° is the enthalpy of adsorption and R is
the ideal gas constant.

Figure 11 shows the plot of the Van’t Hoff equation
of the experimental data. According to Eq. 5, the slope
of each curve represents the isosteric enthalpy of

14.0

. /(mgP g?)

0.0

0.0 10.0 20.0 30.0 40.0
C. /(mgP L?)

Fig. 10 BSA in conical flask with 5 g L 'and 25,5, 10, 15, 20,
25, 30, 40, 50, 60, 70 and 80 mg L! of phosphorus, at 283, 293
and 303 K

adsorption for each adsorbent. The linearity of the
curves is quite good, as shown by the high values of
the coefficients of determination. The calculated values
of the enthalpy are 13.38 kJ mol ', 8.49 kJ mol ' and
29.25 kJ mol ' for PWA, BSA and WSA adsorbents,
respectively. These positive values indicate the endo-
thermic nature of the global process that takes place
during the phosphorus adsorption.

The reaction is endothermic. The adsorption capacity
depends on the energy of the process. The greater the
adsorption efficiency, the higher the temperature, which
is what provides energy to the adsorption process.

4 Conclusions

This study examined the adsorption of phosphorus by
paulownia wood ash (PWA), burley straw ash (BSA)
and wheat straw ash (WSA) under varying condi-
tions. The results obtained have demonstrated the
high capacity for phosphorus removal of the three
tested ashes.

The dates obtained in characterization in the adsor-
bents indicate that the main elements are calcium and
magnesium. On the other hand, the low percentage of
carbon indicates that these materials are essentially
inorganic.

Moreover, the results also demonstrated that the ki-
netic process lasted at least 96 h, and that the Langmuir
adsorption model showed a better correlation with ex-
perimental equilibrium data.

The percentage of phosphorus removal varied signif-
icantly with the phosphorus-ash ratio: when the ash dose
was increased, an increase in phosphorus removal was
also observed.

With the PWA, the percentage of phosphorus remov-
al varies (24.84-98.80%). With the WSA, the percent-
age of phosphorus removal varies (28.58-94.61%), and
with the BSA, the percentage of phosphorus removal
varies (42.29-98.49%).

Furthermore, increasing the temperature led to an
increase of phosphorus removal and the positive values
indicate the endothermic process.

So, PWA showed the best adsorption capacity of
the three tested adsorbents, eliminating up to
12.01 mg g ' of phosphorus from synthetic wastewa-
ter with a concentration of 5 g L' of adsorbent at
293 K in 96 h. BSA reached up to 11.96 mg g '
elimination of phosphorus with an adsorbent



Table 3 Isotherm models for adsorption of phosphorus for three materials at different temperatures

Models Paulownia Wheat Barley
T (K) T X) T &)
283 293 303 283 293 303 283 293 303
Langmuir Grnax (Mg g 1) 11.68 13.34 15.51 8.07 8.40 9.31 8.20 11.56 14.03
K (Lmg ") 0.82 0.96 1.19 0.155 0.202 0.353 0.76 0.83 0.97
R? 0.92 0.97 0.98 0.97 0.99 0.96 0.98 0.98 0.97
DAIC 0.0 0.0 0.0
Freundlich K¢* 5.19 5.94 7.52 1.77 2.06 2.89 3.20 472 5.94
n 0.22 0.24 0.22 0.39 0.37 0.33 0.27 0.31 0.33
R? 0.76 0.86 0.88 0.90 0.93 0.87 0.90 0.89 0.84
DAIC 393 41.4 47.4
Tempkin B(mg g™ 1.91 2.20 2.46 1.69 1.61 1.89 1.33 222 3.03
Kr(Lmg ™) 13.49 1522 22.82 1.69 2.86 3.73 12.67 9.39 7.44
R? 0.84 0.94 0.95 0.96 0.98 0.95 0.97 0.96 0.93
DAIC 153 355 14.8

Comparison between adsorbents with their respective Langmuir, Freundlich and Tempkin isotherms in 283, 293 and 303 K according to the

Akaike Information Criteria (AIC) and R
*Units of K¢ (mg! /" LV g1)

concentration of 5 g L™" at 293 K in the same period.
WSA reached up to 8.39 mg g~ with an adsorbent
concentration of 5 g L ™" at 293 K.

Finally, the conducted research has demonstrated that
after the production of energy in a biomass plant, the fly
ashes of wood and/or straw can be reused to improve
water quality by reducing the amount of phosphorus in

Fig. 11 Thermodynamic plot for 0.5

contaminated water in rivers, lakes or lagoons, provid-
ing an environmentally sound low-cost remedial treat-
ment. Once the adsorption process is finished, the
phosphorus-enriched ash waste generated could then
finally act as a valorised fertilizer that farmers could
reuse in their fields, fulfilling the objectives of the
circular economy.

adsorption of phosphorus at 283,
293 and 303 K

0.0

S R=098%3

0.00325

-0.5

KL /.(L mg-1)
5

-1.5 1

EPWA
®BSA
AWSA

0.00330 . 0. 0350 0.00355
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