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Abstract

Continuous phosphorus discharges in bodies of water, generated by human activities such
as agriculture, domestic effluences or wastewater from industrial processes, produce
contaminated water and eutrophication. For this reason, efficient and low-cost systems that
can remove phosphorus from contaminated water are necessary. In addition, it is important
to generate renewable energy such as the energy produced in biomass power plants, taking
advantage of the available biomass waste in each place. When producing this renewable
energy, the resulting ash is a residue that can be used for phosphorus removal by adsorption
processes. Moreover, according to the concept of circular economy, the ash waste generated
in this bio energy process should be reduced as much as possible. One of the advantages of
this research being that surplus phosphorus-laden ash can be reused as fertilizer in
agricultural fields. Considering this, the efficiency of reed ash (Phragmites australis) has
been analysed in batch experiments, as well as the effect of several parameters on the
removal of phosphate such as contact time, phosphate-ash ratio, ash dose and temperature.

Significant results obtained show that reed ash can be used to improve water quality.

FERTILIZER

Keywords: Phragmites australis; wastewater; phosphorous adsorption; reed ash; biomass



1. Introduction

Common reed (Phragmites australis (Cav.) Trin. ex Steud.) is an invasive species that
commonly forms extensive stands of reed beds around water lagoons and rivers. Common
reed is very important for wildlife and conservation, particularly in Europe and Asia,
where several species of migratory birds are strongly tied to large reed stands [1,2]. On
the other hand, in North America Phragmatites australis is commonly considered an
exotic and often-invasive species, introduced from Europe [3]. Moreover, reed has
several traditional and cultural uses in agriculture (e.g. baskets) and housing (e.g.

thatching roofs) [4].

Reed is one of the main wetland plant species used for phytoremediation water
treatment [5]. So, some authors [6] demonstrated that these wetland plants could be
used for heavy metal phytoremediation of contaminated agricultural, domestic or even
industrial wastewater. Reed has also been used in constructed wetlands, i.e. engineered
systems that use the natural functions of vegetation, soil, and organisms to treat
agricultural, municipal or industrial wastewater, greywater or stormwater runoff [7].
Similarly to natural wetlands, constructed wetlands also act as biofilters and/or can
remove a range of pollutants (such as organic matter, nutrients, pathogens, heavy

metals) from the water [§].

Research work shows that increasing nitrogen and phosphorus concentration increases
eutrophication in wetlands [9,10]. Furthermore, other authors [11] report that by increasing
nitrogen and phosphorus concentrations in wetland waters, invasive plants such as
Phragmites australis grow faster and form dense thickets of vegetation. So, reed displaces
autochthonous plant species such as wild rice, cattails, and native wetland orchids [12,13].
Reed has a high above-ground biomass that blocks out light to other plants [14], allowing

areas to turn into monoculture very quickly [15].

Anthropogenic wetlands combine natural vegetation with agricultural crops, especially
rice plantations [16,17]. Research work [18] analysed essential and non-essential/toxic
elements in 86 rice types produced in wetlands all around the world. The obtained average
content of the essential elements are: 1,189 mg kg!' (P), 746 mg kg (K), 294 mg kg’
(Mg), 84.7 mg kg (Ca), 13.3 mg kg™ (Zn), 8.8 mgkg™! (Na), 8.3 mgkg! (Mn), 7.5 mg kg’
!'(Fe), 1.9 mg kg! (Cu), 0.55 mg kg™! (Mo), 0.18 mg kg™ (Se) and 0.12 mg kg! (Co). These

elements are present in the rice fields, so that the plants can feed on them; NPK being the



most necessary nutrients [19]. Phosphorus inputs are produced in these wetlands due to
agricultural fertilizers and wastewater discharges that do not have phosphorus elimination

or filtering systems [20-23].

Furthermore, other studies show how the reed growth influences directly the
concentration decrease of macronutrients such as phosphorus [11] as well as heavy metals
[24,25]. Therefore, pruning reed in wetlands can be considered a good environmental
practice since macronutrients such as N and P are extracted from the water, taking into

account that a high concentration of these elements generates eutrophication [26].

The decrease of chemical elements concentrated in water by the absorption of reed does
not occur equally over the life of the plant [27]. So, the growing regime determines the
nutrients absorption. There is a linear relationship between reed biomass growth and N and
P abstraction [28]. This annual growth depends on the type of wetland, from 32 Tn halyear

!in natural wetlands to 70 Tn ha™! year! in infiltration wetlands [28].

The best harvesting time of reed biomass is determined by the flowering. Reed has to be
pruned before the seeds are released at the moment of maximum biomass and higher
nutrients concentration (N and P). So, the parts of the plants in senescence neither detach
from the plant nor return the nutrients to the water, avoiding problems of eutrophication

[28].

The pruning process of reed in the wetlands generates residual biomass that can be used
for bioenergy generation in biomass plants [29,30]. Reed ash is generated as waste in the
industrial combustion process. One interesting alternative solution for an effective waste
management is to reincorporate this ash into the rice plantations, with the principal aim of
removing phosphorus, but also taking advantage of the capacity of reed to adsorb heavy
metals [31] existing in wetland lagoons like Zn, Cu, Ni and Pb [32]. This opportunity for
waste valorisation is also based on the experiences described by other authors [33,34], who
demonstrate the capacity of other plant ashes for the elimination of phosphorus in

contaminated waters.

Thus, the main objective of this research is to analyse the feasibility of using
common reed (Phragmites australis) for controlling phosphorus contamination in
anthropogenic wetland ecosystems. To achieve this objective, the research focuses on
the use of the reed ash, generated in bioenergy plants, in the removal of phosphate from

contaminated water in the same wetland where reed is growing. To do this, batch-type



experiments were developed to analyse the effect of several parameters on phosphorus
removal. These parameters are mainly contact time, phosphorus-ash ratio, ash dose and
temperature. Furthermore, the research aims to assess the viability of using ashes from
other plant materials produced by wetland agriculture (specifically rice straw ash) to
complement the obtained reed ash in order to eliminate phosphorus. Finally, following
the experiences of other authors with other plant ashes [35,36], the research also
analyses the subsequent utilization of reed ash, after phosphorus removal, as natural

fertilizer in wetland rice plantations, closing the circular economy system [37].



2. Materials and methods

2.1. Preparation of testing material

Reed samples for the experiments were obtained from the L’Albufera wetland
located 10 kilometres south of Valencia (Spain). It is a freshwater lagoon and estuary on
the Gulf of Valencia coast, in eastern Spain. It represents the main portion of the Valencian
Albufera Natural Park, with a surface area of 21,120 hectares. The natural biodiversity
found here allows for a great variety of flora and fauna all year-round. Though once a
saltwater lagoon, dilution due to irrigation and canals draining into the estuary, as well as
sand bars increasing in size, had converted it to freshwater by the 17th century. Rice growing
has been the most important traditional use of this land since the 18th century. It has great
environmental importance, apart from the economic, because plant and animal species that
have disappeared from the lake itself still live in the surrounding rice fields, where the water
of the lagoon is purified. These rice paddies also provide food and shelter for many birds.
L’Albufera is a complex anthropogenic wetland ecosystem and is included on the

Convention on Wetlands of International Importance (RAMSAR list).

The aquatic vegetation occupies 300 hectares around the lagoon. It is formed by
submerged, floating and marshy communities, which have great biodiversity and
singular importance. This vegetation inhabits flooded areas during a great part of the
year, although also permanent waters, with the roots inside the water and the stem and
the leaves emerged. The main species is reed (Phragmites australis), accompanied by
other aquatic species such as Scirpus lacustris, Typha latifolia, Cladium mariscus and

Kosteletzkya pentacarpos.

The testing material was obtained from the pruning of a mature stand of reed in the
area of ElI Palmar (Geographical coordinates: 39,315676085065256,
0,3197024279343168). 20 Kg of reed biomass were harvested and transported to the
bioenergy plant located in Ademuz, Valencia, Spain. After the combustion process,

1.518 Kg of reed ash was transported to the lab for the tests.



2.2. Preparation and characterization of adsorbents

The reed ash (RA) was heated at 778 K for 1 h in a muffle furnace, loosing 20-22%
of total weight. Thereafter, RA was washed with distilled water until the conductivity
was under 1000 uS cm™'. Next, RA was dried at 378 K 24 h in an oven to achieve
constant weight. Finally, following the recommendations of other authors [38] RA was

sieved with a 1 mm grid sieve to ensure uniform particle size for the lab tests.

Characterization of adsorbents was done using different techniques. To determine
the major and trace elements present in the adsorbent, chemical analyses were carried
out in an optical emission spectrometer (Varian 715-ES ICP), after dissolution in
HNO3/HCI/HF. Elemental RA analysis (C, H, N, S) was performed on a thermo-organic
element analyser Fisons EA 1108 CHNS-O. To know the crystalline nature of the
material, powder X-ray diffraction (PXRD) measurements were performed with a
multisample Philips X'Pert diffractometer, equipped with a graphite monochromator,
operating at 40 kV and 35 mA, and using Cu Ka radiation (A = 0,1542 nm). The particle
morphology of the samples was studied by field emission scanning electron microscopy
(FESEM), using a ZEISS Ultra5-55 microscope. Additionally, textural properties were
determined by N2 adsorption-desorption isotherms measured on a Micromeritics ASAP
2020 at 77 K.The pH and electrical conductivity measurements of RA were carried out
on a pH meter and conductometer MULTI 340i. Following other laboratory experiences
[39], pH and electrical conductivity of RA were measured after stirring distilled water

with raw ash witha ratio of 1/10 (V/W) for 10 minutes.

2.3. Adsorption isotherms and kinetics

In order to determine the adsorption capacity of RA, adsorption isotherm
experiments were conducted varying contact time from 0 to 120 h with initial
phosphorus concentration of 80 ppm at different temperatures (283, 293 and 303 K),
following the recommendations of other authors [40,41]. Adsorption isotherms show
the relation between the total mass adsorbed per gram of adsorbent, qe (mg g!), and the
equilibrium concentration of adsorbate, Ce (mg L), at constant temperature and pH
[42]. Three adsorption isotherm models have been applied for the lab experiments:

Langmuir [43], Freundlich [44] and Temkin [45].



The Langmuir adsorption model [43] is given below:

— Amax K1.Ce (1)
1+KCe

de
where ge is the amount of sorbate at time and equilibrium (mg g™!), Ceis the equilibrium
concentration of the remaining solute in the solution (mg L), gmax is the amount of
adsorbate per mass unit of adsorbent at complete monolayer coverage (mg g'!), and K.

is the Langmuir equilibrium constant relating to the strength of adsorption (L mg™).

The Freundlich adsorption model [44] is given below:

1

q. = K, C? 2)

where ¢e is the amount of sorbate at time and equilibrium (mg g™!), C. is the equilibrium
concentration of the remaining solute in the solution (mg L), 7 and K. is the Freundlich

equilibrium constant.
The Temkin adsorption model [45] is given below:
ge=BIn(Kr Ce) (3)

where g. is the amount of sorbate at time and equilibrium (mg g ), K7 (L mg ') is the
Temkin equilibrium constant, B (mg g ') is related with the variation of adsorption energy

and C. is the equilibrium concentration of the remaining solute in the solution (mg L ).

When isotherm arrived at equilibration after three days (72 h), the solution was
filtered through a Prat Dumas glass microfiber filter (25 mm and retention micrometry
1,2 um) in order to separate the solid from liquid phase. So, the liquids were collected
in clean vials. The phosphorus concentration was determined using a chromatograph

Spectroquant NOVA 60.



2.4. Batch adsorption experiments

Following other documented experiences [39,46], adsorption experiments were
carried out in batch mode by using different concentrations of Na,HPO4 on 50 ml of
synthetic waste-water in 100 ml of conical flask and then stirred at different

temperatures (283, 293 and 303 K).

Phosphorus stock solution (80 g L!) was prepared by dissolving 0.3704 g Na;HPO4
in 1 liter of distilled water. Further serial dilutions were made to have synthetic
wastewater of desired phosphorus concentrations (2.5, 5, 10, 15, 20, 25, 30, 40, 50, 60,
70 and 80 g L.

RA adsorption tests were carried out with doses of 0.5g L, 1.5gL"!,2.5 gL, and
5 g L' with a total contact time of 72 h (Figure 1).

... Figure 1 about here...
After adsorption, the solution was filtered through the Prat Dumas glass microfiber
filter (25 mm and retention micrometry 1,2 um). The phosphate concentration was

determined using a chromatograph Spectroquant NOV A 60.

The percentage of phosphorus removal (see Appendix A - Supplementary Data), or

removal efficiency, was calculated by using the formula given below:
% Removal ef ficiency = COC_—CF x 100 4)

where C, is the initial phosphorus concentration (mg L) and Cr is the final phosphorus

concentration (mg L1).



3. Results and discussion

3.1. Physical and chemical characteristics of the adsorbent

The physical and chemical properties of RA are summarized in Table 1. The main
component in the adsorbent is silicon oxide with a low concentration of other metal
oxides such as iron, aluminium, copper or zinc. However, the amount of alkaline and
alkaline-earth metal oxides is very high (Ca and K mainly), approaching that of the
silica.

... Table 1 about here...

The adsorbent has a basic buffer capacity, increasing the pH of water to a value
around 10 (see Figure 8). This is due to a high presence of alkaline-earth metal oxides

in its composition.

The adsorbent has a high percentage of external surfacearea, showing that it is not
a micro porous material. Hence, it is expected that most of the adsorbent process will

take place in that external surface.

«Figure 2 about here...

A scanning electron micrograph (SEM) of the adsorbent (Figure 2) shows a non-
crystalline heterogenic distribution of particles in RA; the morphology of the RA
indicates the presence of porous and rough surfaces, with different shapes and sizes, in

the range from few to a several hundred micrometers.

3.2. Effect of adsorbent dose

The removal of phosphorus was carried out using synthetic wastewater containing
255, 5,10, 15, 20, 25, 30, 40, 50, 60, 70 and 80 g L' of phosphorus. 110, 130 and 150
g L' of phosphorus were added to an initial solution of RA-water of 5 g L' at 293 K
temperature. Adsorption isotherm experiments were conducted during a total contact
time of 72 h. The results show that the efficiency (mg g! of P) increases when the
contact time between the adsorbent and phosphorus increases, until reaching
equilibrium after 48 to 72 hours, as can be seen in Figure 3. This coincides with other

experiences [7].



... Figure 3 about here...

Adsorption studies of RA were carried out with different doses: 0.5 g L', 1.5 g L,
2.5 gL"'and 5 g L''. For RA the percentage of phosphorus removal varies with the
phosphorus-ash ratio (68.0 — 98.3%). The maximum adsorption (98.3%) is shown by a
concentration at 5 g L' at 293 K. This concentration shows also a high capacity for

phosphorus removal (29.3 mg P g!), as can be observed in Figure 4.

... Figure 4 about here...

Ion exchange processes can be observed during phosphate adsorption. Water
conductivity varies in the range between 286 and 1,120 uS cm ™' and increases with ash
concentration and phosphorus-ash ratio. Thus, the results obtained demonstrate that the
phosphorus removal capacity of RA clearly increases when the adsorbent dose
increases. This observed relationship coincides with the results of other authors with

other plant ashes [47].

With the increasing amount of RA as adsorbent, the decreasing of adsorption
capacity was due to the increasing interface area when the suspension was diluted. On
the other hand, for the phosphorus adsorption, more ions were into the adsorbent by

way of swelling and water absorption by the RA. [48,49].

3.3. Influence of temperature on the phosphate removal process

The analysis of the influence of temperature was studied by putting the adsorbent in
contact with the phosphorus until reaching equilibrium. This occurs after three days,
after which constant values remain. The phosphorus removal was carried out using
synthetic wastewater containing different phosphorus concentrations. The experiments
were carried out at different temperatures (283, 293 and 303 K) with 1.5 g L'! of RA

adsorbent, as shown in Figure 5.

... Figure 5 about here...

Following the Langmuir adsorption model, Figure 6 shows that qmax increases when
the temperature increases from 283 K (18.22 mg P g'') to 293 K (23.15 mg P g!).
Nevertheless, qmax decreases when the temperature increases from 293 K (23.15 mg P

g1 t0303 K (21.27mgP g!).



... Figure 6 about here...

The effect of adsorption occurs when the value of the isosteric enthalpy is positive.
The results between the temperature of 283 K (-2.23 kJ mol™) and 293 K (-1.27 kJ mol’
1) indicate that the reaction is exothermic. So, when the reaction is exothermic the
adsorption increases. On the other hand, the adsorption process decreases from 293 K to
303 K (1.07 kJ mol™"). This indicates a negative isosteric enthalpy of adsorption and an

endothermic reaction.

Temperature influences significantly the phosphorus removal capacity of RA.
Hence, RA with a concentration at 1.5 g L™ and a temperature of 303 K achieves a
maximum adsorption of 97.3%. By contrast, the highest capacity for phosphorus
removal (23.15 mg P g'!) has been observed with a concentration at 1.5 g L' at 293 K,
as shown in table 2.

...Table 2 about here.-.

The Langmuir adsorption model was originally applied to the adsorption of gases on
a solid surface and, subsequently, to-a liquid phase [43]. The dynamic adsorption
equilibrium is related to the rate constants of adsorption and desorption. At equilibrium
there is no net change, the sum of these two rates is zero, and the equilibrium constant
(i.e., ratio between adsorption and desorption rate constants) is K;. Taking this into
account, Ky is essentially an equilibrium constant of the overall process, which takes
place during phosphorus adsorption. Furthermore, its temperature dependence can be
used to determine the isosteric enthalpy of adsorption (AaqH°) using the Van’t Hoff

equation;

dInKY _  AggH®
(6(1/T))9 - R ®)

Figure 6 shows the graphical representation of the Van’t Hoff equation of the
experimental data. The slope of each curve represents the isosteric enthalpy of adsorption
for each adsorbent. A clear linearity of the curves can be observed, as confirmed by the high

values of the coefficients of determination (R?> 0.9).

... Figure 7 about here...



The calculated enthalpy value of RA is 48.79 kJ mol™!. The positive value indicates the

endothermic nature of the total process, which takes place during the phosphorus adsorption.

3.4. Influence of pH on the phosphorus removal process

Different authors studied the influence of the pH on the adsorption capacity of ashes,
regulating the pH by means of 0.1 M HCI and 0.1M NaOH [38,50]. These authors
demonstrate that the adsorption increases when the pH decreases. However, other
authors conclude for rice husk that a reduction in pH also reduces the absorption
capacity [35]. Furthermore, other research studies reach the final maximum level of
absorption capacity around a neutral pH in the case of rice husk and fruit residues [51].
Consequently, the reference literature shows very different results regarding the
influence of pH on the phosphorus absorption capacity by plant ashes.

In the present research, the relation between pHinitiai and pHifinal is established. This
has been done adjusting the initial pH values with-0.1 M HCI and 0.1 M NaOH and
adding 1.5 g L'! of RA to the aqueous solution. The mixture is stirred until the pH

stabilizes. So, pH value is known, as-can be observed in Figure 8.

....Figure 8 about here...

Figure 8 shows the buffer effect of RA, achieving a pHfinal = 9.61 with pHinitiat = 3
and pHfina = 10.53 with pHinitia = 10.

3.5. Influence of ionic strength and Ca cations on the phosphate removal process

Figure 9 represents the influence of ionic strength on RA adsorption capacity. The
experiments were carried out at 293 K, with a constant adsorbent dose of 10.5 g L' and
different concentrations of phosphorus in the water solution (10 to 80 mg P L'!). The figure
allows comparing the behaviour of the original sample (with an average conductivity of 594
uS cm) with an alternative test with a controlled ionic strength of 2.0 mS cm™ using the
necessary concentration of NaCl. As can be observed, the presence of sodium and chloride
ions results in a higher ionic strength. This higher ionic strength has a slight positive effect
on phosphorus adsorption capacity. Therefore, the presence of chloride ions does not have

negative effect on the adsorption capacity, in line with the conclusions of other authors [20].



... Figure 9 about here...

The adsorption increase in the presence of sodium and chlorine ions observed in RA can
be due to the impediment that supposes a greater ionic strength in the process of exchange
/ dissolution of ions between the solution and the adsorbent [52]. This impediment would
reduce the presence of other competitive ions of the adsorbent itself in favour of non-

competitive chlorine ions.

Following the experiences of other authors [34,41,53,54], it can be stated that the
elimination of phosphorus depends on the dissolution of Ca ions in the adsorbent. These
authors also show that the fixing of phosphorus is mainly carried out by these cations in
aqueous solutions with ash. Therefore, for RA it is expected that the higher the Ca content,
the greater the phosphorus removal capacity, as observed. To verify the substantive role
played by the presence of Ca ions in the solution, the experiments were performed using
two different Ca concentrations of CaCl-4H>O (10 mg L"-and 40 mg L. The tests were
performed with a controlled ionic strength of around 2.0 mS cm™ at 293 K, an adsorbent
dose of 1.5 g L'! and different concentrations of phosphorus in water (from 10 to 80 mg P
L"). Figure 9 shows the results for both Ca concentrations. The presence of Ca in the
solution has a positive effect on the capacity of phosphorus adsorption, increasing the
capacity as the concentration of Ca increases. These results clearly confirm the determining

influence of the Ca cation in the phosphorus removal process.

3.6. Combined use of reed ash and rice straw ash for phosphorus removal and use

as natural fertilizer

Ashes from other plant materials produced by agriculture in the wetlands
(specifically rice straw ash RSA) can complement the obtained RA in the removal of
phosphorus. Different authors have analysed [33,48,55] the adsorption capacity of other
agricultural waste produced in wetland agriculture, like rice husk, fruit juice residues
and wheat straw. Taking into account that rice is the most extended agricultural crop in
wetlands worldwide, a combined use of RA and RSA as a natural phosphorus filter can

be an interesting alternative, leading to a revaluation of these residues [56,57].

In order to compare with the previous results, the experiments have been conducted
with a constant ash concentration of 5 g L™ in the aqueous solution and a constant

temperature of 293 K. Furthermore, to compare different ash mixtures, the following



ratios between RA and RSA have been tested: 5:0, 4:1, 3:2, 2:3, 1:4, 0:5. The
phosphorus concentrations are 5, 10, 20, 40, 60 and 80 mg L. An additional test has
been conducted with 110 g L' of phosphorus concentration for the mixture RA and
RSA 5:0.

... Figure 10 about here...

Figure 10 shows the obtained results of these experiments. The curves obtained for
the different RA and RSA ash mixtures show that the phosphate adsorption. is

proportional to the amounts of adsorbents in the different mixtures.

For the same amount of initial phosphorus in the aqueous solution, a linear function
is generated with which the intermediate points that are between the pure concentrations

of each adsorbent can be calculated. This function is given by the equation:

[Po] VXCe

Qe ==~ —— (6)
Where ge is the amount of sorbate at time and equilibrium (mg g™!), L is volume (L), A is
the amount of total ash mixed (g), C. is the equilibrium concentration (mg L) and P,

is the initial amount of phosphorus (mg L).

Supplies of rice straw and reed straw are readily available; different studies
recommend the use of rice straw and reed straw as biomass for producing energy in
biomass plants [29,58]. The results of another study concludes that crop biomass ash
can be an adequate phosphorus source comparable to that of highly soluble commercial
phosphorus fertilizer [59]. In addition, it has been shown that different crop biomass
ashes, i.e. rape meal ash, straw ash, and cereal ash, could be used as fertilizer. While
other studies show the capacity of adsorption of cereal straw [38] and the adsorption of

heavy metals or dyes of reed straw [60].

Rice fields and wetlands generate a significant amount of non-agricultural biomass,
reed straw generally, and considering that in different places there are different
proportions of rice straw waste and non-agricultural biomass production, therefore, the
use of mixtures of rice and reed straw was studied. The proportions of the mixtures
depends on the availability of reed and rice ashes, the initial phosphorus concentration
and the final phosphorus concentration in the water. In the case of rice and reed, the

higher the amount of reed ash the greater the adsorption capacity.



4. Conclusions

Reed is a natural biomass which is available in large quantities and can be used to
produce energy in biomass power plants. These companies generate a waste called reed
ash, which can be used to remove phosphorus from contaminated water. The results of
this study demonstrate the adsorption capacity of phosphorus and show that the
maximum adsorption capacity is up to 98.3%, in a concentration at 5 g L' at 293 K.
This concentration also shows a high capacity for phosphorus removal (qmax 29.3 mg P
g1). The Langmuir isotherms model depicts the best fits to the experimental data with
correlation coefficients greater than 0.95. The adsorption of phosphorusions in the RA
adsorbent is a rapid process, less than 72 hours. SEM of the adsorbent shows non-
crystalline particles and the morphology of RA indicates the presence of a porous and
rough surface. The results of the study indicate that the RA could be used as a low-cost

adsorbent for the treatment of water and wastewater treatment.
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Table 1

Physical and chemical properties of the adsorbent materials.

Samples RA

pH 10.3

BET surface area /(m? g™!) 17
External surface area /(%) 91

Composition /(wt. %)

Si 25.99
Al 0.49
Fe 0.81
Mn 0.29
Mg 3.22
Ca 13.07
Na 1.04
K 6.32
P 1.51
Zn 0.08

Cu 0.01




Table 2

Isotherm models for adsorption of phosphorous at different temperatures.

Table 2.
Models T/K
Langmuir Gmax /(mg g1)
Kz /(L mg™)
R2
DAIC
Freundlich Kr*
n
R2
DAIC
Tempkin B (mgg™h)
Kr(Lmg")
R2
DAIC

283

18,22
0,39
0.95
0.0

4,69
0,38
0.77
485
3,42
442
0.89
24

Reed
293

23,15
0,59
0.96

9,88
0,24
0.89

3,77
12,75
0.94

303

2127

1,53
0.96

11,63
0,19
0.81

3,27
28,18
0.67

* units of Kp (mg!- ("M LM g-1)
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Figure 1: Kinetic of reed ash in conical flask with 1.5 g L' at 293K.
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Figure 2: Scanning electron micrograph of reed ash adsorbent.
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Figure 3: Reed ash in conical flask with 0.5, 1.5,2.5 and 5 g L"! and 2.5, 5, 7.5,10, 15, 20, 25, 30,
40, 50, 60, 65, 70, 75, 80 ppm of phosphorus, at 293 K.
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Figure 4: Qmax of reed ash in conical flask with 0.5, 1.5, 2.5.and'5 g L' of reed ash at 293K.
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Figure 5: Reed ash in conical flask with 1.5 g L' and 2.5, 5, 10, 15, 20, 25, 30, 40, 50, 60, 65, 70
and 80 ppm of phosphorus at 283, 293 and 303K.
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Figure 6: Qmax of Reed ash in conical flask with 1.5 g L™ of reed ash at 283, 293 -and 303K.
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Figure 9: Determination of the point of zero charge for reed ash adsorbent.
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Figure 10: Proportional adsorption mixing rice straw ash and reed ash in conical flask with 5 g L
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Figure A: % removal of reed ash in conical flask with 0.5,1.5,2.5 and 5 g I'! in reed ash and 2.5, 5,
10, 15, 20, 25, 30, 40, 50, 60, 70, 80 ppm of phosphorous,at 293K.
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Figure B: % removal of Reed ash in conical flask with 1.5 g I'! and 2.5, 5, 7.5,10, 15, 20, 25, 30,
40, 50, 60, 65, 70, 75, 80 ppm of phosphorous, at 283, 293 and 303 K.



