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ABSTRACT

Phosphorus (P) losses to the water bodies are considered as one of the main culprits in eutrophica-
tion process and gradual deterioration of water quality. The agricultural environment is the main
nonpoint P source to surface water which is difficult to limit. Permeable reactive barriers (PRB)
are one of the methods to limit P outflow from agricultural areas. The aim of the study was to
assess the sorption properties and the lifespan of two different reactive materials (RMs) that may
be used as a filling of permeable reactive barriers preventing water environment against P con-
tamination. Two different P RMs: autoclaved aerated concrete (AAC) and Polonite® (POL) were
used in the tests. Both tested RMs are characterised by better fit to pseudo-second-kinetic model.
Calculated by Langmuir isotherm model, the maximum sorption capacity equalled to 81.13 and
95.70 mg P-PO, g™' for AAC and POL, respectively. Based on these values, the lifespan of PRBs were
calculated for variable hydraulic gradient (0.005-0.020) and P-PO, concentrations (0.1-5.0 mg L™).
The lifespan of AAC ranged from 1 to 5 y for the highest tested concentration (5.0 mg L) regarding
to hydraulic gradient. In case of POL, the values are higher and ranged from 4 to 15 y depending
on the hydraulic gradient and P-PO, concentrations.

Keywords: Agricultural areas; Diffuse pollution; Groundwater remediation; Surface and subsurface

runoff

1. Introduction

Phosphorus (P) is a mineral nutrient, essential for plant
growth and also necessary for modern agriculture produc-
tion. Phosphorus (P) is one of the essential plant nutrients,
needed for plant growth and ensuring appropriate level of
agriculture crop production. On the other hand, an excess
of P in the water causes its fertilization and degradation,
widely known as eutrophication process. However, the
surplus of P is regarded as a main factor causing eutrophi-
cation process of water bodies. In consequence, eutrophi-
cation may lead to a drastic decrease of dissolved oxygen
in the absence of sunlight and, subsequently, to depop-
ulation of aquatic species, creating “dead zones” [1-3].

* Corresponding author.

Generally, farming is characterized by intensive cereal and
vegetable production, which demands intensive use of fer-
tilizers and consequently causes high risk of P losses [4].
P-saturation is reached in the soil, high levels of phosphate
could leach to deeper layers of the soil and groundwater as
it has been reported before in some parts of Northwestern
Europe and range from 0.1 to 3.3 mg/L [5] and even
higher [6]. For these reasons, agricultural environment is
the main diffuse P sources to surface water which is both
difficult to limit and remove [7].

The need to control eutrophication in water bodies
coming from agricultural areas is a reason to apply perme-
able reactive barriers (PRB) filling with reactive material
(RM) dedicated to P removal. The groundwater cleanup
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attempts have been started since the earnest 1980s and
PRBs are called as a passive treatment system [8,9]. The
concept of the technology is defined as an emplacement
of RM in the subsurface structure designed to intercept a
contaminated plume, provide a flow path through the
RM, and transform the contaminants into environmentally
acceptable forms to attain remediation concentration goals
downstream of the barrier [10]. The PBR technology is also
defined as a low-cost treatment technology [11,12].

Reactive materials dedicate to remove P should be
based on metals oxides or hydroxides have been the most
successful ones for the uptake of different oxyanions from
water. Different metals (Al, Ca, Ce, Fe, La, Mg, Zn, and
Zr) have been used as natural RMs or to synthesize those
materials. However, the most popular are Ca and Mg due
to their high availability, low cost, and low toxicity [1]. The
possible mechanisms of phosphate adsorption on metal
(oxy-) hydroxides can be reduced to two main P sorption
mechanism: iron (Fe)/aluminium (Al) based PSMs that
remove P by ligand exchange reactions, and calcium (Ca)/
magnesium (Mg) based PSMs that work by precipitating
Ca and Mg phosphate minerals [13].

One of the most challenging issue in designing PRBs is
a RM lifespan estimation. Time of working PRB depend on
such parameters as: site hydrology and water quality char-
acteristics, distributing the water entering the PRB bed,
the particle size of used RM and a sufficiently long contact
time [8,13].

The novelty of this study is an attempt to estimate work-
ing time of phosphorus PRB. To our knowledge, despite the
fact that PRB are popular methods of limiting the displace-
ment of pollutants in the ground [5,14,15], there were not
so many attempts to calculate and estimate their lifespan
in relation to phosphorous. It should be remembered that
PRB is a kind of permanent interference with the environ-
ment and for this reason their working time should be esti-
mated because as every such action like the RM exchange is
difficult and costly [15].

The aim of the study was to assess the sorption proper-
ties and lifespan of two different reactive materials that may
be used as a filling of PRB preventing water environment
against phosphorus contamination.

2. Materials and methods
2.1. Reactive materials

Two different P reactive materials: autoclaved aerated
concrete (AAC) and Polonite® (POL) were used in the tests.
AAC is a lightweight popular material used in civil engi-
neering made of quartz sand, lime, or cement and water as
a binding agent. POL is manufactured opoka rock, which
is a calcium silicate sedimentary rock, heated at tempera-
ture of 900°C. Main properties of tested materials are set in
Table 1. Scanning electron microphotograph (SEM) of tested
reactive materials are presented in Fig. 1. Determination
of bulk density and porosity were carried out in accor-
dance with PN-EN 1097-3:2000 [16] and PN-EN 1936:2010
[17] standards. Filtration coefficient was determined by
Witt apparatus. The value of the coefficient was calculated
from the equalization:

Table 1
Main chemical composition with physical properties of AAC
and POL

Parameter Unit Reactive material
AAC POL
SiO, % 57.0 55.1
CaO % 25.0 23.9
AlLO, % 2.0 5.7
Fe O, % 1.0 2.1
Hydraulic conductivity md?! 573 530
Bulk density g cm™ 0.35 0.78
Porosity % 83.75 38.00
-L
k= 144Q7 1)
Ah-F

where k is the filtration coefficient (m d), Q is the water
volume V (cm®) infiltrating through the sample over time
t (min), L is the sample height (cm), Al is the difference in
water levels in the cylinder and in the tank (mm), and F is the
sample cross-sectional area (cm?).

2.2. Adsorption kinetic models

Different concentration of the artificial P solution pre-
pared using KH,PO,, were used in kinetics tests. The trip-
licate samples of material were mixed in Erlenmeyer glass
flasks, each contained 1.0 g of material and 100 mL of P
solutions. The kinetic tests were performed at various con-
tact times (5-6,900 min) and at a constant average solution
concentration of 4.877 mg P-PO, dm™.

Kinetic models are generally used to understand sor-
bent — sorbate interactions. Two most popular models,
namely pseudo-first-order (PFO) and pseudo-second-order
(PSO) were applied in the present study to describe the
experimental data. The PFO and PSO models are expressed
by formulas [18]:

log(q, —4,)=logq, -k, 2)
1 1 t
T ©)
a @k q,

where g, (mg g7) represents the amount adsorbed at any
time ¢, k, (min™) and k, (g mg” min™) are rates of sorp-
tion of the PFO and PSO, and g, is the amount adsorbed at
equilibrium (mg g™).

The parameters of both kinetic models were obtained by
Solver (Microsoft Excel).

2.3. Sorption capacity

A phosphorus sorption batch test was performed mix-
ing of 1 g of the RM (triplicate) with 100 mL of P-solution
in increasing concentrations from 1 to 1,000 mg L™
P-sorption was calculated based on the difference of load
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Fig. 1. Scanning electron microscopy (SEM) micrographs of AAC (a) and POL (b).

of P added and obtained in a filtered sample. Description
of the sorption process between solid phase and solution
was made based on mathematical equations given by
Langmuir [Eq. (2)] and Freundlich [Eq. (3)] [19].

1

L 1,
qs Cs KL

=

+

)

=

L

where K, is the constant parameter reflects the solute
absorptivity (L g™), 4, is the constant parameter related to the
energy of adsorption (L mg™), g, is the sorption (mg g™'), C_ is
the solute concentration at equilibrium (mg L™). Parameters
K, and a, are Langmuir constants, whereas KL/aL ratio is
defined as adsorption capacity.

log g, =b, -log C_+log a, 5)
where a, is the constant which express the adsorbent capac-
ity (g L), b, is the heterogeneity factor (-), g, is the sorption

(mg g7), and C_is the solute concentration at equilibrium
(mg L.

2.4. Lifespan estimation

The lifespan estimation of phosphorus permeable reac-
tive barrier (LS.;) was made according to Darcy flow and
[20] methodology.

* The flow rate through the PRB (g) is calculated based on
Darcy flow:

g=k-i (6)

where k is the filtration coefficient of RM (m s™?) and i is
the hydraulic gradient (-).

¢ The P-PO, mass flowing through PRB:

M,=q-C-A @)

where g is the water flow (m s), C is the P-PO, concen-
tration in groundwater (g m™®), A is the cross-sectional
area of PRB (m?); defined as: (I-d) where [ is PRB length
(m) and d is PRB depth (m).

* Mass of RM filling the PRB (M

E
My =V Pru ®)

where V is the PRB volume (m®) and p,,, is the bulk den-
sity (g m?).

¢ The PRB lifespan:

S M
LSPRB — ma><]vI RM (9)
P

where S is the maximum sorption capacity of RM
(g g), My, is the mass of RM filling the PRB (g), M, is
the P-PO, mass flowing through PRB (g s™).

The calculations were made for barrier volume of 1 m?.
The P-PO, groundwater concentrations ranged from 0.1
to 5.0 mg L and correspond to the real concentrations
[6,21,22].

3. Results and discussion
3.1. Determination of the sorption capacity

The kinetic study of P-PO, adsorption was studied
using the PFO and PSO kinetic model. Fig. 2 shows the
kinetic plots vs. contact time (min) for P-PO, with exper-
imental data. The more rapid P-PO, removal is seen with
POL than AAC. After 5 min of contact time 31% and 15%
of P-PO,, respectively, was removed from the solution.
However, any of the tested RMs removed 100% of P-PO,
after 6,900 min. The best results equal 95% and 90% for
AAC and POL, respectively. The equilibrium was reached
the fastest with AAC (300 min). In contrary, POL needed
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Fig. 2. Effect of contact time of the experimental data and results of PFO and PSO for tested RM.

more than two times more time (720 min). This statement is
confirmed by the k value (Table 2) which is higher for AAC
than POL. The obtained parameters of PFO and PSO are set
out in Table 2. Based on the calculations (Table 2), removal
of phosphates onto tested RMs follows the PSO kinetic
models.

The PFO model is defined as the irreversible sorption
of the solid/liquid systems whereas PSO model is based
on the assumption that chemical sorption is one of the
factors controlling the sorption kinetics and the rate expres-
sion can be seen [20,23,24]. The examined RMs better fit
to PSO model (Table 2) that suggest that chemisorption
is the dominant rate-limiting step. Riahi et al. [24] specu-
lated that the adsorption of phosphate species can be rea-
sonably presumed to occur in following steps: transfer of
phosphate from the aqueous solution to the sites on the
P-BMM and chemical complexation or ion exchange at
the active sites and precipitation on the P-BMM surface.
It is observed that the process of phosphate uptake onto
tested RMs appears to occur over three stages which con-
firmed [25]: 1st stage — a first sharper reaction stage which
is clearly seen during the first minute of contact time; 2nd
stage — a low reaction stage at 60-300 min, and 3rd stage —
at equilibrium with strong and stable adsorption (Fig. 2).

The relationship between the equilibrium concentration
and the P amount adsorbed at the surface of RMs can be
revealed by adsorption isotherms. The raw data of tested
RMs behavior obtained from sorption capacity tests is
shown at Fig. 3 with the exponential functions fitting to the
data.

A linear plots of specific adsorption against equilib-
rium concentration (C' vs. g') and (logC_ vs. logg) indicate
that phosphate adsorption on both AAC and POL obey
the Langmuir isotherm model stated by higher fitting R?
(Table 3). Better fit to Langmuir isotherm model indicate

Table 2

that in case of rested RMs adsorption is limited to one mono-
layer, all surface sites are equivalent and adsorption to one
site is independent of adjacent sites occupancy condition
[26]. Also, better fit to Langmuir model confirms that the
chemisorption is a dominant adsorption process [27] that
is also comfirmed by better fit to the PSO kinetic model.
This adsorption mechanism was also confirmed by Kang
et al. [28] and Bus and Karczmarczyk [29] for AAC and POL,
respectively. The Langmuir and Freundlich constants deter-
mined from the slope and intercept of the plots are presented
in Table 3. The K| and k, constants provide the sorption prop-
erties of tested materials. The higher values obtained, the
better sorption properties of tested material. K, in Langmuir
isotherm indicate the binging energy of P with tested mate-
rials [27]. For POL, the value is 96 times higher than for AAC
(Table 2) that imply there existed a stronger adsorption force
between P and, in case of tested materials, Ca [27]. The a, con-
stant represents the affinity between P and RM [29]. The k, in
Freundlich isotherm is usually used to evaluate adsorption
capability of P with RM [26]. In case of tested RMs, the k,
value is 11 times higher for POL than AAC. The b, constant
reveals adsorption sites with low energetically heterogeneity
of RM [30].

The maximum adsorption capacity calculated by the
Langmuir isotherm model defined as S__ equaled 81.13
and 95.70 mg P-PO, g for AAC and POL, respectively.
Considering the constants obtained for both isotherm models
(Table 3), better sorption properties were noted for POL what
is also confirmed by S__ value.

3.2. Lifespan estimation

The main parameters influencing PRB lifespan accord-
ing to presented methodology are filtration coefficient (k)
of RM, maximum sorption capacity of RM (S_ ), hydraulic

Calculated parameters of the pseudo first and pseudo-second-kinetic order

RM Pseudo-first-order model Pseudo-second-order model

k, (min™) q,(mgg™) R* (%) k, (g mg™ min™) q,(mgg™) R* (%)
AAC 0.025 4.404 88.99 0.039 4.544 99.18
POL 0.009 4.171 94.87 0.013 4.348 95.78
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Table 3
Langmuir and Freundlich isotherm parameters for tested RMs

Langmuir isotherm parameters

Freundlich isotherm parameters

RRM K, a, R k. b, R?
AAC 0.6166 0.0076 0.9998 0.6075 0.2886 0.9388
POL 42.808 0.4473 0.9841 0.8347 3.2522 0.9281
60 12
5 | y = -9E-05%3+ 0.1251x + 4.7066 04 Y LlE'“?ﬁtS'gﬁéx' 0oLl

R2=0.9325

AAC

0 100 200 300 400 500 600 700
Ceq [mg/L]

Fig. 3. Experimental data of AAC and POL isotherms.

gradient (i), and P-PO, concentration (C) in subsurface flow.
Knowledge of k parameter of RM used in water treatment
technologies such as PRB plays an important role for opti-
mizing the retention of P-PO,. This parameter and also
chemical properties of RM determine the hydraulic capacity,
which affect the treatment performance of the PRB system
[31]. Maximum sorption capacity informs of the RM ability
to sorb contamination. Assumed hydraulic gradient <0.005-
0.02> means that PRB of 1 m width has a slope of 0.5%-2.0%.
Also, the concentration of P-PO, in groundwater affect on
PRB lifespan: the higher the value the shorter PRB lifespan.

The lifespan of tested RM with different scenarios of
P-PO, concentrations in subsurface flow (0.1-5.0 mg L™) and
hydraulic gradient (0.005-0.020) are presented in Fig. 4. For
P-PO, groundwater concentration = 1.0 mg L, the lifespan
of POL PRB ranged from 77 to 19 y for hydraulic gradient of
0.005 and 0.020, respectively. In case of AAC PRB, the lifes-
pan ranged from 27 to 7 y. Whereas, for maximum consid-
ered subsurface flow concentration = 5.0 mg L™, the lifespan
ranged from 15 to 4 y and from 5 to 1y for hydraulic gradient
of 0.005 and 0.020, for POL and AAC PRBs, respectively. Also
during previous study [21], both of tested RMs did not sat-
urated during 90 d of column experiment with soil leaching
that confirms the observations.

In case of tested RMs, the most affecting factor of the
lifespan is bulk density. For tested materials, the difference
between the bulk density differs over two times and also
finds confirmation in the materials porosity (Table 1). Other
factors such as: hydraulic conductivity (573 and 530 m d* for
AAC and POL, respectively) and maximum sorption capac-
ity (81.13 and 95.70 mg P-PO, g™ for AAC and POL, respec-
tively) are on similar level and do not affect the time of PRB
lifespan. Thakur et al. [15] analyzing the factors influencing

POL

0 T T T T
0 200 400 600 800

Ceq [mg/L]

1000

the lifespan of PRBs, lists the Darcie variables as a critical
factors that must be taken into account. They recommend
the leakage rates of groundwater less than 0.3 m d™* for more
favorable sorption condition. Thus, in case of tested RMs, the
finer fraction of the material is recommended. Jozwiakowski
et al. [32] found out that for carbonate-siliceous rock the
higher sorption properties were observed for finer fraction
of material. It also influence on contact time of groundwa-
ter with RM that based on kinetic studies should be more
than 300 min. On the other hand, it should be remembered
that using finer fraction may lead to clogging the barrier.
Comparing our results with those obtained by McKey
[19], a discrepancy between the estimated lifespan is seen.
By the tested “worse-case scenario” (C=10mg P L™; i =0.02)
barrier filled with Manatee and Punta Gorda Al wastewater
residuals (AI-WTRs) exhausted after around 34 and 120 vy,
respectively. However, this observation was not confirmed
by monitoring of pilot scale or full scale PRB systems [4,12].
The limestone-based barrier placed at Zarzecin, Poland
was constructed to limit the transfer of P pollution from
groundwater and storm water, which directly flows into the
near reservoir. The barrier dimensions are: 1.5 m deep, 1.5 m
wide, and 10 m long. It was filled with limestone of grain
size 5-8 cm. The monitoring of work efficiency lasted 3.5 y.
The average P-PO, removal during analyzed period was
12.4%. However, the highest removal (58.1%) was recorded
in the first year of the operation. In the second year, there
was no P-PO, reduction noted and even an increase in P—
PO, concentration was observed (-6.5%). This may have
been indicator of barrier saturation and the lowest P-PO,
concentration noted during the observed period. On the
other hand, in third and fourth year of operation, the bar-
rier effectiveness increased to the level of 13.8% and 15.7%,
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Fig. 4. Estimated lifespan for 1.0 m?® volume of permeable
reactive barrier for two tested RMs.

respectively that may be related to higher concentration than
in second year [12]. Also, Kirkkala et al. [4] monitored full-
scale PRB systems. One of them, filled with Fosfilt was placed
in Imponoja, Finaland. The filtration area is: 10 x 20 m (vol-
ume 240 m®) and retention time of 33 h. However, the filter
stopped working for around 1.5 y and the probable reasons
were: firstly, the percolation of water through the filter rap-
idly, secondly, clogging due to fine size of suspended solids,
and thirdly, downward infiltration was restricted. What is
more, after filter renovation it worked of a year and then per-
colation declined again. The second barrier was filled with
lime, located in Mylly, Finland with filtration area of 5 x 15 m
(volume 113 m® and retention time of 16 h. This barrier
worked of 3.5 y and recorded the overall P-PO, reduction
of 45%.

Considering the pilot scale and full scale PRB imple-
mentations, the results obtained by Miller et al. [20] seems
to be overestimated. What is more, the presented results
of P-PO, removal and lifespan efficiency, showed that the
P retention at in situ conditions is sharply limited.

4. Conclusion

PRB filling by appropriately selected reactive materials
seems to be a good way to limit P transport from agricul-
tural areas to water bodies. The lifespan of barriers depends
on sorption capacity of RMs and barrier water flow proper-
ties. In case of tested PRB RMs, the main factor that influence

on lifespan is bulk density. For this reason, the lifespan of
POL PRB is around 5 times longer than for AAC PRB.
Generally, further studies should be performed based on
obtained results for determination of optimum design con-
dition of PRBs towards performance of in in-situ remediation
applications.
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