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Abstract: Assessment of sorption properties and
kinetic reaction of phosphorus reactive material
to limit diffuse pollution. Polonite® is an effective
reactive material (manufactured from opoka rock)
for removing phosphorus from aqueous solutions.
In conducted experiments, Polonite® of grain size
of 2-5 mm was used as a potential reactive ma-
terial which can be used as a filter fulfillment to
reduce phosphorus diffuse pollution from agricul-
ture areas. Kinetic and equilibrium studies (per-
formed as a batch experiment) were carried out as
a function of time to evaluate the sorption prop-
erties of the material. The obtained results show
that Polonite® effectively removes such contami-
nation. All tested concentrations (0.998, 5.213,
10.965 mg P-PO4-L") are characterized by a bet-
ter fit to pseudo-second kinetic order. The Lang-
muir isotherm the best reflects the mechanism of
adsorption process in case of Polonite® and based
on the isotherm, calculated maximum adsorption
capacity equals 96.58 mg P-PO4-g L.

Key words: phosphorous sorption, Polonite®, dif-
fuse pollution, reactive materials

INTRODUCTION

The excessive inflow of biogens loads
coming from the agriculture land use to
the water bodies is one of the most impor-
tant environmental issues to be resolved
worldwide (Yang et al. 2008). Phospho-
rus (P) is one of macronutrients neces-
sary for plants, and is used in the form of
natural and mineral fertilizers to increase
crop production. On the other hand,
when too high dosage of the fertilizers
do not fulfill requirements and needs of

the plants during the vegetation period,
losses of P to the environment are un-
avoidable. The unused by plants surplus
of P are washed down from croplands as
a result of surface runoff and infiltration,
enter to drainage ditches, small streams,
rivers and, in case of Poland, finally to
the Baltic Sea. Phosphorus pollution of
surface water contributes to deterioration
of water quality, numerous limitations of
water usage and eutrophication process.
The agriculture land use areas cov-
er 59.6% of total area of Poland (GUS
2016a) and formation of diffuse pollu-
tion are associated with such land use.
The sources of non-point pollution are
mainly individually minor and inconsid-
erable, however collectively they may
result in major environmental problems
and damages. According to the HEL-
COM (2011) data, 48% of total phospho-
rus (TP) enter to the Baltic Sea comes
from diffuse sources. In case of Poland,
this kind of contaminations concerns
32% what responds to load of 2,200 Mg
-year ! (Fratczak etal. 2015). To the 2021
Poland pledged to reduce the TP load to
the 3,890 Mg-year ' (HELCOM 2015).
Despite of constant reduction of P load,
from 12,100 Mg-year™! in 2000 to 4,800
Mg-year™! in 2015 (GUS 2016b), it is
still necessary to carry out appropriate
techniques to further limit the P outflow.
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One of the method to limit P outflow
from agriculture areas are filters filled
with reactive material (RM) dedicated
to remove P. Phosphorus reactive filters
(PRFs) are different shape structures filled
by RM and located at potential place of
P occurrence (ditches, agriculture ponds,
hot-spots etc.). The pilot scale implemen-
tations of PRFs with percentage removal
of P are presented in Table 1.

TABLE 1. Pilot scale implementation of RM

Karczmarczyk 2017) or in geochemical
barrier supporting buffer zones (Izydor-
czyk et al. 2013).

The most challenging in designing
a PRF is a variable flow of water through-
out the year that influence on contact
time of RM with treatment water. This
factor is a major challenge in using filter
media for the adsorption of P contained
surface water. For this reason, Ekstrand

Type of system Reactive material Efficiency (%) Reference
Trench filter system steel slag 22.8-29.6 | Wang et al. 2014
Phosphorus removal structure zl:gltrsilcazrc furnace 25.2 Penn et al. 2012
Phosphorus socks steel slag mixture 44 McDowell et al. 2007
Biogeochemical barrier limestone 58 Izydorczyk et al. 2013
Filters lime 61.1-82.0 | Kirkkala et al. 2012
Dispensers ferric sulfate 60-70 Uusitalo et al. 2015
Filter crushed concrete 90 Senderup et al. 2015
Filter wells Eﬁ:ﬁiﬁg olonite 19-49 | Ulén etal. 2013

Reactive material for P removal
should contains in its composition Ca,
Al or Fe that have a high affinity for P
(Cucarella et al. 2007, Cucarella et al.
2012). Such materials may be used in
a different form: box systems filled with
RM (Penn et al. 2012, Uusitalo et al.
2015), barriers located at potential ways
of surface runoff (Kirkkala et al. 2012,
Izydorczyk et al. 2013) or hanging and
submerged directly into treatment wa-
ter (McDowell et al. 2007, Karczmar-
czyk et al. 2016). Reactive materials
may also support P removal efficiency
at constructed wetland systems (Bus and

et al. (2011) claim that contact time
should be minimum 30 min. The filter
construction should provide: distributing
the water entering the filter through the
filter bed evenly, the particle size of used
RM should not be caused filter clogging
(> 1.0-2.0 mm) and slow flow through
the filter to achieve a sufficiently long
contact time (Ulén et al. 2013).

The aim of the study is to assess sorp-
tion properties of phosphorus reactive
material, Polonite® during kinetic and
equilibrium tests, which may be poten-
tially used for filter application to limit P
contamination from diffuse pollution.



MATERIAL AND METHODS

Reactive material

Polonite®, used in this study, is factored
from opoka which belongs to the group
of silica-calcite sedimentary rocks. The
main components of Polonite® is calcium
and silicate however, their proportions
may differ. In this study, the material of
2-5 mm grain size was used (Table 2).
The material was mined in 2011 from
Belzec quarry.

The chemical and mineral compo-
sition of Polonite® was indicated by
XRF (spectrometer PW 2400, Philips)
and XRD (X-ray diffractometer PW
3020, Philips). Determination of bulk
density and porosity was carried out
in accordance with standards: PN-EN
1097-3:2000 and PN-EN 1936:2001.
Hydraulic conductivity was determined
by Witt apparatus.

Kinetics and sorption equilibrium
studies

The kinetic and equilibrium tests were
performed with triplicate samples of 1 g
of material mixed in glass flask with 100
mL of artificial P solution prepared of
KH,PO4. Thekinetictests wereperformed
for three different initial P concentrations
(0.998, 5.213, 10.965 mg P-PO4L7)
at various contact times (5-6,900 min).
The sorption equilibrium tests were per-
formed at various P solution concentra-
tions (1.090-946.250 mg P-PO,L7!)
and constant time (1 h). The phosphorus
equilibrium concentrations were meas-
ured by flow injection analyses using
FIAstar 5000 (Foss).

Data on P-removal and equilibrium
P-concentration obtained from experi-
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TABLE 2. Chemical and mineral composition with physical properties of Polonite®

Chemical composition (%)
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LOI - loss of ignition.
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ments were fitted to the pseudo-first and
pseudo-second kinetic order, Langmuir
and Freundlich isotherm models.

A linear form of pseudo-first kinetic
order described by Lagergren is (Ho
2006):

Kyt
2.303

log(q, —q) =log(g,) -

where:

de» q — adsorption capacities at equilib-
rium (mg-g);

K, — rate constant of the first order ad-
sorption (min!);

t — time (min).

A linear form of the pseudo-second
kinetic order rate equation is (Ho 2006):

1 1
= +—t

t
. 2
q KZQe 9.

where:

g — amount of ions on the surface of the
adsorbent at any time (mg-g);

K, — rate constant of adsorption
(gmg 'min);

q. — amount of ions adsorbed at equilib-
rium (mg-g').

Description of the sorption process
between solid phase and solution was
made based on mathematical equations
given by Langmuir (McKay 1996):

l/qs = 1/Cs . 1/KL + aL/KL

where:

g, — sorption;

C, — solute concentration at equilibrium,;
K; — constant parameter reflects the so-
lute adsorptivity;

aj — constant parameter related to the en-
ergy of adsorption;

K;/a; — adsorption capacity.
and Freundlich equation (McKay 1996):

log g = br - log C; + log ap

where:

g, — sorption;

br— heterogeneity factor;

C, — solute concentration at equilibrium;
ap — constant which express the adsorb-
ent capacity (the larger value, the higher
the capacity).

The Langmuir isotherm describes ad-
sorption on homogenous surfaces while
the Freundlich one assumes surface
which is heterogeneous.

The essential features of the Lang-
muir isotherm may be expressed in terms
of equilibrium parameter RL, which is
dimensionless constant referred to as
separation factor or equilibrium param-
eter (Syed Shabudeen et al. 2006):

1

R =——
1+ K¢

where:

K; — constant related to the energy of ad-

sorption (the Langmuir constant);

Cy — initial concentration.

The values of R; indicates the iso-
therm and adsorption nature to be either
unfavorable if R; > 1, linear if R; = 1,
favorable if 0 < R; < 1 or irreversible if
R; =0 (Syed Shabudeen et al. 2006).

RESULTS AND DISCUSSION

Simultaneous decreasing of P reduction
with initial P concentration were ob-
served (Fig. 1). After 6,900 min of con-
tact time the final reduction is 94.7, 92.0
and 84.3% for initial concentration of
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FIGURE 1. Phosphorus reduction in time for different initial concentrations

10.965, 5.213 and 0.998 mg P-PO4 L,
respectively. In case of 10.965 and
5.213 mg P-PO,L! the equilibrium of
P removal was observed after 2,400 min.
In case of concentration of 0.998 mg
P-PO, L~ the equilibrium was observed
after 4,260 min. Further prolonged con-
tact time of RM with P solution has not
given a significant growth of P reduction.

The experimental kinetic data for P
adsorption onto Polonite® were fitted
to the pseudo-first and pseudo-second
kinetic models. Tested RM better fit to
pseudo-second kinetic order in case of
every tested initial concentration (R> >
>999%)—Table 2. The calculated R? values
increase with increasing initial P concen-

tration (Cy). The same observation was
reported by Ozacar (2003) and Eljamal
et al. (2012). These indicate that pseudo-
-second kinetic order fit the best for the
adsorption process of P onto Polonite®.

A similar adsorption process have
been observed for P with other natural
materials such as sawdust, soil and rice
husk (Eljamal et al. 2013), calcined alu-
nite (Ozacar 2003), marble dust (Eljamal
et al. 2012) and palm fibers (Riahi et al.
2017).

Observed sorption of P characterized
by good fit (R? = 95.52%) to the initial P
concentration C;, and the maximum ob-
servedsorptioncapacityequals 10.125mg
P-PO,g! (Fig. 2).

TABLE 2. Calculated parameter of pseudo-first and pseudo-second kinetic order

c e Pseudo-first order model Pseudo-second order model

0 . 1

meL! experlm?nta K, qe 5 K, de 2
e g ) | i) | g | K |@mg minh | meeh | K
0.998 0.084 0.001381 | 0.05205 97.52 0.048054 0.08463 99.21
5.213 0.474 0.002072 | 0.21321 94.39 0.022763 0.47862 99.97
10.965 1.033 0.002072 | 0.41594 88.02 0.011690 1.04416 99.99
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FIGURE 2. Phosphorus sorption on Polonite®

The obtained results were analyzed
assuming that the adsorption processes
followed the Langmuir and Freund-
lich isotherm adsorption models. The
data show a good compliance with the
Langmuir isotherm equation and the re-
gression coefficients for the linear plot
were higher than for the Freundlich iso-
therm (Table 3). Maximal sorption ca-
pacity (Spax) calculated according the
Langmuir isotherm parameters equals
96.58 mg P-PO,-g”' is more than nine
times higher than observed sorption dur-
ing sorption test (10.125 mg P-PO,-g ™).

Because the Langmuir isotherm best
reflects the mechanism of P sorption also
the R; factor obtained from this isotherm
indicate that adsorption model is favora-
ble and R; equals 0.021.

The equilibrium studies have been
previously conducted with opoka as

a phosphorous RM by Brogowski and
Renman (2004), Cucarella et al. (2007)
and Karczmarczyk and Bus (2014).

Cucarella et al. (2007) tested three
kind of thermally treatment opoka com-
ing from Strzezow, Cisie and Widnica
quarries. They obtained maximal sorp-
tion capacity (Spax) ranged from 79.37
to 181.82 mg P-PO4.g'. The contact
time during experiments was 1 h. The
differences of S,.x values obtained by
Cucarella et al. (2007) may be a result
of way of conducting the batch test ex-
periment. They used a powder fraction
of material which is characterized by
larger sorption area and better sorption
efficiency (Cucarella and Renman 2009).
On the other hand, the mass of used RM
was quite low and the ratio of mass to
volume was 0.2 g : 100 mL.

TABLE 3. The Langmuir and Freundlich isotherm parameters for P adsorption

Langmuir isotherm

Freundlich isotherm

K, (Lgh | ap(Lmgh R* (%)

ap (L-g’h) br (-) R (%)

42.551 0.4406 98.42

0.8341 1.411 92.82




Similar value of S,,,, received Bro-
gowski and Renman (2004). They cal-
culated the sorption capacity of 119.6 g
P-PO4kg™!. However, there is no clearly
defined, what was the grain size of mate-
rial used in the study. There is also lack
of information about batch test: contact
time of material with solution, solution
concentrations and ratio between mass of
reactive material to solution. The tested
material also came from Betzec quarry.

Karczmarczyk and Bus (2014) tested
17 different reactive materials, among
which was Polonite®™. Calculated S,y
value was very close to this obtained in
the study and equals 94.32 mg P-PO,g ! .
To both tests the grain size of used ma-
terial and mass to volume ratio were
the same. The difference concerns the
contact time of materials with solution.
In case of previous study (Karczmar-
czyk and Bus 2014), it was very short
and equals only 15 min. However, the
calculated S, value is similar to this ob-
tained in this study (96.58 mg P-PO4-g ™).
In this case, the contact time do not influ-
ence on the sorption and that may indi-
cate a reached equilibrium.

Based on this study and the previous
one (Brogowski and Renman 2004, Cu-
carella et al. 2007, Karczmarczyk and
Bus 2014) the maximum sorption capac-
ity of Polonite® is ranged from 79.37 to
181.82 mg P-PO,g .

From practical point of view, the more
useful and applied are kinetic studies. It
makes possible to determinate the most
appropriate contact time in dependence
of initial P concentration. For instance,
after 30 min of contact time recom-
mended by Ekstrand et al. (2011) noted
P reduction equal 30, 35 and 27%, what
corresponds to sorption of 0.030, 0.168
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and 0.305 mgg' for concentrations
0.998, 5.213 and 10.965 mg P-PO4 L,
respectively. On the other hand, kinetic
study conducted with artificial P solution
does not represent the condition of real
surface water. Organic matter, inorganic
anions and heavy metals may disturb and
decrease the sorption process efficiency
(Bastin et al. 1999).

Maximum sorption capacity (Spax)
provides the information of sorption ca-
pacity and is useful to evaluate and se-
lection of RMs, e.g. the higher the Sj.x
value, the more reactive the material is.
However, the mechanism of P reduction
(Ca or Fe/Al) should also be taken into
account, because for this reason the ob-
served sorption during laboratory tests
may be similar, but modeled S;,,x may
differ significantly (Bus and Karczmar-
czyk 2015).

Diffuse pollutions are difficult to limit
and reduction because of significant area
of occurrence. Contemporary trends of
surface water protection against diffuse
pollutioninclude solutions, such as: creat-
ing buffer zones (Vought et al. 1995),
phosphorous wetland (Ulén et al. 2013),
biogeochemical barriers (Izydorczyk
et al. 2013), and different kind of re-
moval structure and box filters (Kirkkala
et al. 2012, Penn et al. 2012, Wang et
al. 2014, Senderup et al. 2015, Uusitalo
et al. 2015). Another method focused on
P removal from agriculture areas are sus-
pended reactive filters — SRFs (Karcz-
maczyk et al. 2016). That may be used
as a configuration of curtains consisting
of filter bags filled with RM, hanged and
suspended in the water. Such systems can
be implemented at e.g. drainage ditches
that are receivers of nutrients outflow-
ing from agriculture areas, directly at the
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place of contamination occurrence. Sus-
pended reactive filters may also be a sup-
port method to remove P concentration
at constructed wetland designed to limit
pollution from agriculture areas (Ulén et
al. 2013, Bus et al. 2017).

CONCLUSIONS

Based on the obtained results, Polonite®
is a high efficiency reactive material in P
removal from aquatic solution. Both pro-
longed the contact time and initial P con-
centration play crucial role in increas-
ing removal efficiency. The equilibrium
sorption were 0.467 mg-g™' for initial
concentration of 0.998 (after 4,260 min),
0.454 and 1.010 mg P-PO4L! for
concentrations 5.213 and 10.965 mg
P-PO4L™! (after 2,400 min), respective-
ly. Tested material is characterized by
good adjusting both to the Langmuir and
Freundlich isotherm models. Maximum
sorption capacity based on the Langmuir
isotherm equals 96.58 mg P-PO,-g .
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Streszczenie: Ocena wiasciwosci sorpcyjnych
i kinetyka reakcji materiatu reaktywnego do usu-
wania fosforu z zanieczyszczen obszarowych.
Polonite® jest materialem reaktywnym stuza-
cym do usuwania fosforu z roztworé6w wodnych.
W przeprowadzonych badaniach Polonite®
o frakcji 2-5 mm zostat uzyty jako potencjalny
materiat reaktywny shuzacy do wypehnienia fil-
trow do redukcji fosforu pochodzacego z obsza-
rowych zrodet zanieczyszczen. Ocena zdolno$ci
sorpcyjnych materiatu zostata przeprowadzona
na podstawie krotkich testow kontaktowych typu
batch. Otrzymane wyniki pokazuja, ze badany
materiat skutecznie usuwa fosfor. Wyniki uzy-
skane podczas testow kinetyki maja lepsze do-
pasowanie do pseudo drugiego rzgdu reakcji. W
wynikach badan sorpcji réwnowagowej model

izotermy Langmuira lepiej odzwierciedla mecha-
nizm adsorpcji fosforu. Wyliczona na podstawie
izotermy Langmuira, maksymalna zdolno$¢ sorp-
cyjna fosforu wynosi 96,58 mg P-PO, g
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