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Abstract. TWs are finding as low-cost and also effective system to treat domestic wastewater. The aim of
this study is to find suitable adsorbing material for application in an additional treatment unit where
treatment wetlands do not provide sufficient PO4* reduction level. Material M1 is a fine-grained by-product
of thermal treatment of carbonate-siliceous rock (opoka) with high content of calcium carbonate CaCOs3 in
temperature 700°C. Particular disadvantage of material M1 can be very high level of pH (11-12) and
causing alkaline solution. Material M2 is lanthanum-modified bentonite (LMB) and was already used for
reducing content of phosphorus compounds in lakes and other water bodies to treat effects of eutrophication
process. Lanthanum-modified bentonite consists mostly SiO2 and Al.O3; (~80%). The study was conducted
on effluent from small (60 pe) treatment wetland (TW) in northern Poland where Hybrid Treatment
Wetland (HTW) system was provided. Sorption capacity of material M1 was low and equal 0.9 mg/g. For
material M2 this parameter reached value of 2.1 mg/g. Lanthanum-modified bentonite (M2) has shown
better abilities to reduce phosphates from wastewater that material M1 — material containing mostly calcium
oxide. Also performed study revealed that presence of others contaminations in wastewater is causing

difficulties in phosphates removal.

1 Introduction

In recent years, the popularity of treatment wetlands
(TWs) has been increasing as an alternative solution for
rural areas and small towns [1,2]. Locating conventional
(explain) wastewater treatment plants (WWTPs) in such
places is not economically justified and septic tanks used
in households usually leak contamination into
groundwater. Thus, TWs is a low-cost and effective
system to treat domestic wastewater. It has been proven
that the most efficient treatment is provided by Hybrid
Treatment Wetland (HTW) where the system is
composed of at least two beds: subsurface vertical flow
bed (SSVF) and subsurface horizontal flow bed (SSHF)
[2,3]. The first stage ensures suitable conditions for the
nitrification process, while the second stage ensures
suitable conditions for the denitrification process,
removal of organic matter and suspended solids.
According to Kadlec and Wallace (2009) [4] also in the
SSVF bed denitrification processes occurs, due to
saturation of the bed at the bottom layers. The effect of
HTW (combined VF-HF system) is focused especially
on nitrogen compounds removal [2,3,5]. Unfortunately,
the removal efficiency of phosphorus compounds
concentration in the effluent from HTWs as well as in
small WWTP below 2000 PE (person equivalent) is very
often inadequate [1,6].

Eutrophication is caused by phosphorus compounds
as well as nitrogen. Frequently, nutrients removal
concentrates only on nitrogen, although phosphorus has
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a similar effect on water bodies. Considering the current
recommendations [7], which concerns about Baltic Sea
protection to prevent eutrophication effects, the 70%
reduction of phosphorus must be provided already for
small wastewater treatment plants up to 300 PE. Baltic
Sea Action Plan obligates Poland to over 40% reduction
in phosphorus emission.[7].

An alternative, but recently interesting method to
remove phosphorus compounds from various type of
wastewater is applying materials with high sorption
capacity. A few sources of adsorbents can be
distinguished: (1) anthropogenic, such as AAC
(autoclaved aerated concrete) [8], LECA [9], and
Pollytag [10] (2) natural, such as rock opoka [11, 12] and
POLONITE [13], as well as (3) by-product sources eg.
fly ash [14] and blast furnace slag [15]. By-products and
waste materials are adsorbents which should arouse
interest due to the idea of circular economy and efficient
phosphorus recovery will follow this concept, due to
increasing awareness of its supply running out. It is
estimated that phosphorus supplies may be exhausted
within the next 100 years.

Thus, the study concerns finding a suitable adsorbing
material for application in an additional treatment unit
where treatment wetlands do not provide sufficient PO4**
reduction level. The aim of the performed investigation
was to compare two different materials, the first one is
well known material with proven effectiveness for lakes
restoration but relatively expensive one, the second one
is waste material with P removal potential. The idea of
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this study was to assess their applicability by kinetic
equation and quality of the effluent but also to attempt
fulfil the assumptions of circular economy.

The design of the experiment is multistage. In the
first stage the applicability and comparison of the two
materials (one well know and expansive and the second
not investigated yet and the byproduct/reject material
from Rockfos® production). They have been already
publish some preliminary results from second stage of
investigation concerning the specific features of the
constructed wetlands — it was predicted that both
materials should be used in posttreatment in special
facility with adequate contact time and sedimentation
[16,17].

2 Materials and methods

2.1. Materials

Rockfos® is produced in the process of decarbonisation
(firing at high temperature ~700°C) of natural silica
rock-carbonate. This material is highly reactive to
phosphorus compounds as it contains large amounts of
elements such as calcium, silicon, aluminium and iron
(Fig. 1). According to the producer’s requirements, it can
be used to build P-filters to remove phosphorus and
bacteriological contaminants from domestic and
industrial wastewater [18].
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Fig. 1. Chemical composition of Rockfos®

Material M1 is a fine-grained by-product of
Rockfos® production. This fraction (0-2 mm) consists
mainly of calcium oxide CaO (over 80%), resulting from
the decomposition of CaCO3 during the heating process.
A major disadvantage of M1 is its very high pH (11-12)
making the solution alkaline [18]. Testing a waste
material (byproduct) is related to the definition of
circular economy.

Material M2 is a lanthanum-modified bentonite clay
(LMB) developed by the Land and Water Division of
Australia's CSIRO (Commonwealth Scientific and
Industrial Research Organisation) and this particular

adsorbing material has already been used to reduce the
phosphorus compounds content in lakes and other water
bodies to treat the effects of eutrophication [19]. In the
reaction of binding phosphates by lanthanum from LMB
with the molar ratio 1:1, a rare-earth complex known as
rhabdophane is formed [20]. Also, lanthanum
concentration in the solution remains very low, due to
locking La particles in the bentonite clay structure [21].
M2 consists mostly of SiO, and AlLO; (Fig. 2). The
LMB pH is close to neutral (7.0-7.5) but can be
successfully used in a wide pH range from 5 to 9 [22-
24].
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Fig. 2. Chemical composition of material M2

Several studies have been developed to prove
nontoxic character of the lanthanum-modified bentonite
clay and, in conclusion, to classify LMB as not
hazardous [25-27].

2.2. Methods

The study was conducted on an effluent from a small
wastewater treatment wetland (WTW) for 60 pe in
northern Poland where Hybrid Treatment Wetland
(HTW) system was provided (coordinates: 54°39'50"N;
18°07'13"E). Sedimentation and flotation processes in
the mechanical part of the treatment (three-chamber
sedimentation tank) are followed by a biological system
(filtration, sorption, oxidation, and reduction processes).
The assumed conception is based on two stages:
subsurface vertical flow bed and subsurface horizontal
flow bed. The natural environment and its biodiversity
provide a successful process of treatment, that the
effluent from HTW can be directed to the drainage
system.

Samples of the wastewater for research were taken
after the mechanical treatment and before the discharge
to the drainage system (outflow/effluent). The basic
parameters of the wastewater measured before and after
HTW are presented in Table 1.
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Table 1. Average physical and chemical indicator of
wastewater quality in the inflow and effluent from HTW,
Pomerania, Poland

. . effluent | reduction

parameter | unit | inflow from HTW rate
Temperature | °C 20.8 18.9 -
pH - 7.17 7.17 -
Conductivity | pS/cm| 1656 1226 -
Color mgPt/L| 392 34 91 %
Turbidity mg/L | 104.4 6.5 94 %
TSS mg/L | 28.0 9.0 68 %
PO4*-P mg/L | 26.6 4.34 84 %
COD mg/L | 329.0 20.8 94 %
INH4*-N mg/L | 138.9 18.9 86 %
INO3™-N mg/L | 0.75 36.1 -
INO2™-N mg/L | 0.13 0.42 -

The results indicate that HTW provides relatively
high efficiency of contaminants removal, although the
pollution load of discharged wastewater still does not
meet the Polish and European requirements Polish
Regulation (Year 2014, item 1800) [28], Council
Directive 91/271/EEC (European Commission, 1991)
[29]. The study concentrates on removal of phosphates
in TWs despite the regulations report total phosphorus.
Form of phosphorus which occurs mostly in wetland are
phosphates, both in organic and inorganic compounds. It
has been proven that free orthophosphate is the only
bioavailable form for plants in wetlands beds [30].
Moreover, the performed research was conducted on the
TW effluent, thus most of organic phosphorus was
removed in mechanical part of the treatment system.

The described HTW is located near Puck Bay. This
specific water body is characterized with a high
contamination level, as it is closed with the Hel
Peninsula thus having limited connection with the Baltic
Sea.

Experimental trials were carried out in steady
conditions. To batch reactors filled with 1.0 L of effluent
from HTW, 0.5 g of a selected adsorbing material was
added and mixed for 5 minutes. Sampling was done after
5, 10, 30, 60, 120 and 300 minutes to define the
materials sorption capacity and to assess their adsorption
kinetics by the pseudo-second order model. The
parameters such as pH, conductivity (EC), color,
turbidity, and total suspended solids (TSS) were
measured before and after the addition of the adsorbing
materials to evaluate their influence over the wastewater
quality. The concentration of PO, was analysed by
HACH Lange cuvette tests, while others parameters
were measured using HACH Lange DR 3900
spectrophotometer and WTW Multi 350i compact
precision portable meter. The laboratory studies were
conducted at ambient temperature.

2.3. Kinetic study — pseudo-second order model

The adsorption kinetics data analysis of both materials
were presented with the pseudo-second order model,
which allows predicting the sorption capacity and
indicates constant parameters.

Sorption capacity of phosphates for each material
was calculated according to equation (1) [31]:

ge = (Co-C)/m -V (M

where: e — sorption capacity [mg/g], V — volume of
solution [L], Cp — initial concentration of PO4-P [mg/L];
C — final concentration of PO4-P [mg/L], m — mass of
sorption material [g].

The kinetics was investigated at solution pH. The
formula to describe the adsorption kinetics is the
following [23,32,33]:

dq[/dt = k’(qe - qt)2 (2)

where: q; — adsorption capacity at time t [mg/g], qc —
adsorption capacity at equilibrium [mg/g], k -
equilibrium rate constant of pseudo-second order
reaction [g/mg-min].

Integrating equation (2) for the boundary condition t
=0tot=tand q. =0 to q; = q, the formula becomes:

1/(qe—q) = 1/qe + ki 3)
From equation (3) linear form can be obtained:
t/qt: 1/k'q02 + t/qc (4)

The analysis of a straight plot of t/q; against time (t)
allows calculating the value of parameters k, g. and the
coefficients of determination R2.

3 Results and discussion

The results indicate different efficiency of phosphates
removal for both materials. In the performed study, the
initial phosphates concentration of TW effluent was
approx. 2.5 mg/L. The obtained sorption capacity of M1
was low and equal to 0.9 mg/g. The final concentration
of PO4> was close to 2.1 mg/L after 5 hours contact time
which provides 17% phosphates reduction efficiency.
The dose of the adsorbing material was relatively low
(0.5 g), although the value of removed PO4** was below
expectations.

Various tested materials with high contents of
calcium oxide presented a significant ability to remove
phosphorus compounds [9, 12, 31, 34]. In the previous
study performed on synthetic wastewater, the sorption
capacity of this particular material reached 9.6 mg/g. The
research proceeded in steady conditions with a short
contact time of 1 hour. Although the described
laboratory trials were conducted with an artificial P-
solution (KH,PO4) [16], such observations may reveal a
possible influence of wastewater quality and the
concentration of other compounds (eg. of nitrogen or
organic matter) on the removal efficiency of phosphates.

The kinetic data simulated by the pseudo-second
order model fitted the experiment results well. For M1,
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the coefficient of determination (R?) was equal to 0.95
and correlation coefficient (rxy) was 0.97, as shown in
Figure 3. The equilibrium ge value was 0.90 mg/g (Table
2), which was nearly the same as the sorption capacity
obtained from the experimental values.

Table 2. Kinetic parameters for pseudo-second order model of
phosphates adsorption

material | qe [mg/g] | k [g/mg*min] R? I'xy
M1 0.9 1.24 0.95 0.97
M2 2.1 0.23 0.99 0.99
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Fig. 3. Adsorption kinetics for pseudo-second order model of
PO4+* onto material M1
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Fig. 4. Adsorption kinetics for pseudo-second order model of
PO43- onto material M2

For M2 the sorption capacity was equal to 2.06 mg/g,
while the concentration of PO4* dropped to 1.5 mg/L
during the experiment. The effectiveness of phosphates
removal reached 41% with the same dose and contact
time. Similarly to M1, theoretical ability (obtained from
research on synthetic wastewater) of M2 to reduce PO4*
was significantly higher. The study conducted by
Kasprzyk et al. (2018) [16] gave the sorption capacity of
M2 at the level of 9.1 mg/g. While, according to

Haghseresht et al. (2009) [23], the adsorption capacity of
M2 cannot exceed 10.6 mgP/g. From the results obtained
by Kurzbaum and Bar Shalom (2016) [35], the
maximum sorption capacity of LMB reached 14.4+4.7
mg PO4/g. Also Ross et al. (2008) [24] observed a
decrease of phosphates reduction efficiency of M2 while
using it for lake water treatment, and pointed to the
presence of humic acid.

Also in the case of M2 pseudo-second order model,
both the coefficient of determination (R?) and correlation
coefficient (ry) were close to 1.0 (Fig. 4) and displayed
satisfactory matching of the kinetic data. The
equilibrium q. was equal to the sorption capacity
calculated from the research data (Table 2).

The effect of both materials on the pH values was
quite different. M1 caused a relatively high increase of
pH of the solution despite a small dose of the sorption
material used (0.5 g). The initial pH of the HTW effluent
was close to neutral and equal to 7.2. Already after 5
minutes of the contact time, pH level reached almost 8.4
and during further sampling, pH slowly increased to the
value of 8.6 after 5 hours of sedimentation (Fig. 5).
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Fig. 5. Influence of adsorbing materials on pH of the effluent
from HTW

This particular disadvantage of M1 is related to a
significant content of calcium oxide, although its
presence determines the ability to remove substantial
amounts of PO, [36, 37]. The research described by
Jucherski et al. (2017) [11], reports on the application of
alkaline filtration materials for phosphorus removal,
where a material with high contents of Ca (~50%)
caused an increase of the solution pH to almost 13. Also,
the authors pointed out that such materials may be used
as the last stage in a small treatment facility on condition
the effluent pH value is less than 8.5. Possible
applications of M1 require adjusting pH to an acceptable
level.

In the case of M2, the effect on pH was slight. An
insignificant increase to the value of 7.55 was observed
(Fig. 5). According to Douglas et al. (2016) [19] and
Van Oosterhout and Liirling (2013) [38], M2 caused
only a minor increase or had no effect on the solution
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pH. The performed studies usually concentrate on how
pH influences phosphorus removal efficiency using
LMB, rather than how the material impacts the solution,
considering pH level as one of the most important
parameters of the adsorption processes [23, 24, 33]. No
impact on the pH values is an extremely important
advantage, although the solution pH may determine the
effectiveness of M2 (with the optimal pH range of 5-7).

The initial conductivity of the HTW effluent was
equal to 928 uS/cm. M1 has shown a meager increase to
the value of 945 pS/cm at the beginning of the contact
time, and after 1 hour of sedimentation, the conductivity
stabilized at the level of 941 uS/cm. M2 displayed
almost no influence on EC (Fig. 6). Nevertheless, it
should be pointed out that small doses of the reactive
materials were used. The application of larger amounts
of those adsorbents (especially M1) may have a negative
effect on the quality of the effluent.
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Fig. 6. Influence of adsorbing materials on EC of the effluent
from HTW

Both the tested materials did not significantly affect
the color and turbidity of the effluent from the HTW.
Initial values were equal to 24 mgPt/L and 5.3 mg/L
respectively. During the contact time, slight fluctuations
of those parameters were observed. At the end of the
experiment, the color and turbidity for M1 was equal to
36 mgPt/L and 7.1 mg/L, while for M2 — 38 mgPt/L and
8.1 mg/L respectively.

In the case of total suspended solids (TSS in the first
taken samples (after 5 minutes of sedimentation), a high
increase of the TSS values was observed for both
materials (from 5 mg/L to approx. 23 mg/L). This effect
could be caused by the amount of dissolving matter. It
was necessary to extend the sedimentation time. After 5
hours, in both cases the values of TSS were close to
initial.

In case of long term use of those materials, the
maintenance costs will be entirely different due to their
futures like pace of origin eg. M2 is from Australia what
means costly transportation which also create big carbon
food print. Assumed total daily inflow of the wastewater
in Kniewo HTW was equal to 7.0 m3/d which yields

2,500 m® per year. Based on the effluent phosphates
concentration, the load of PO4-P can reach 10 kg/year.
The sorption capacity of M1 and M2 achieved from the
study was equal to 0.9 and 2.1 mg/g respectively, which
concludes with the usage over 10 tons of M1 and almost
5 tons of M2.

The cost of M1 usage despite to twice the M2
requirement might be significantly lower. M1 is a by-
product and waste material with no specific purpose. On
the other hand, the M2 unit price may reach 2750 €/ton
[39] and gives an annual maintenance cost equal to
14,000 € (Table 3). Possibility of material recovery or
reuse need further analysis.

Table 3. Maintenance and cost analysis

costs per
sorption | material . annual m’ of
. . price
capacity | required cost treated
effluent
mg/g € €/m3
~ 10 tons 1 €/ton +
Ml 0.9 transport ~700 0.3
per year
cost
~5t
M2| 21 O™ 19750 €/ton | ~ 14 000 6
per year

4 Conclusions

The results presented in this study indicate a better
ability to reduce phosphates from the HTW effluent
displayed by lanthanum-modified bentonite (M2) than
M1 — a material containing mostly calcium oxide.
Obtained from the kinetic data, the equilibrium sorption
capacity (qc) of M1 was low and equal to 0.9 mg/g,
while of M2 — 2.1 mg/g. The pseudo-second order model
fitted the experiment results of both materials M1 and
M2 well, due to the coefficient of determination (R?)
values equal to 0.95 and 0.99 respectively and high
correlation coefficient (ryy) for M1 —0.97, for M2 — 0.99.

The performed study also revealed that the presence
of other contaminants in wastewater causes difficulty in
phosphates removal. Due to this fact their influence on
the processes of phosphates binding should be verified
and subsequently an appropriate dose of the adsorbing
material for proper wastewater treatment should be
established.

The influence of Mlon the pH of HTW effluent was
substantial as it increased from the initial value 7.2 to
8.6. It was due to the high content of calcium oxide. As a
result, the application of M1 gives an alkaline solution.
The other parameters showed no significant impact on
the quality of the HTW effluent, for both materials.
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