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ABSTRACT

In this study, phosphorus anions removal efficiency from synthetic aqueous solutions and
urban secondary treated wastewater solutions by powdered marble wastes (PMW) as an
effective low-cost material has been investigated using continuous stirring reactors (CSTRs).
The experimental results showed that the phosphorus removal from the synthetic solutions
is dependent on the PMW dosage and especially on the influent feeding flow rate. Indeed,
for an influent aqueous concentration of 100mgL�1 and a PMW dose of 12 gL�1, the average
phosphorus removal efficiency increases from about 35 to 79% when the feeding flow rate
was decreased from 10 to 2.5mLmin�1. For a relatively high phosphorus influent concentra-
tion (100mgL�1), the highest removal efficiency, more than 88%, was observed for two
CSTRs disposed in serial mode, a feeding flow rate of 4.5mLmin�1 and a PMW dose of
12 gL�1. The cost-effective and high phosphorus removal capability of PMW, compared to
many natural or industrial byproducts, make them very promising materials for phosphorus
removal and recovery from secondary treated wastewaters with the possibility of reuse as a
fertilizer in agriculture.
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1. Introduction

Phosphorus is an essential nutrient that is required
for the growth of organisms in most ecosystems; how-
ever, if it exits in excess, it can cause the eutrophica-
tion of not only the surface fresh water bodies but
also marine dead zones [1]. Indeed, discharged phos-
phorus into surface waters, which occurs principally

from both agriculture activities and discharged
domestic and industrial wastewaters, can disturb the
balance of organisms present in water and affect
water quality mainly through the depletion of the dis-
solved oxygen level as the algae decay [2]. On the
other hand, phosphate rock is a non renewable and a
critical resource on which modern society is highly
dependent. Due to a constant increase demand of
phosphates to satisfy the food’s need of the world
population, production of phosphate rock is estimated*Corresponding author.
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to peak around 2035, after which demand would out-
strip supply [3]. Thus, phosphorus recovery from
renewable resources such as wastes and wastewaters
has become this last decade an innovative research
option [4,5].

The main technologies allowing phosphate recovery
from municipal wastewater and their possible reuse in
agricultural field are both spontaneous or enhanced
struvite crystallization and sorption onto natural mate-
rials technologies [3,6]. Since the struvite generation in
wastewater treatment systems requires highly skilled
operation regarding the suspended solids concentra-
tions, pH values, and artificial supplementary magne-
sium adding [6,7], great attention has been paid this
last decade to the development and the use of effective
and low-cost organic and/or mineral materials for
phosphorus recovery from aqueous solutions. The
tested materials include date palm fibers [8]; Poseido-
nia oceanica fibers [9]; calcite [10]; apatite [11,12]; dolo-
mite [13]; limestone [14]; shellsand [15]; zeolite [16];
coal acid mine drainage sludges [17]; and phosphates
mines slimes [18]. These studies have proved that the
highest phosphorus removal capacities were reported
for filter materials having relatively high CaO or Ca
contents and for pH values higher than 7 [19].

Marble is a nonfoliated metamorphic rock resulting
from the metamorphism of limestone, composed
mostly of calcite. Marble products, which are naturally
rich in Ca, are used principally in construction, interior
and exterior decoration. The overall marble amount
produced in the world was estimated to be about
81million tons y�1 [20]. Marble industry generates
huge amounts of wastes, by which around 70% of this
precious mineral resource is wasted in the mining,
processing, and polishing procedures. Around 40% of
marble wastes is generated world widely during quar-
rying operations in the form of rock fragments and are
essentially being dumped either in nearby empty pits,
roads, sidewalks, or landfills [21]. The rest (30%) is
associated to processing and polishing actions in the
manufactures and is constituted by crushed fragments
and also marble in powder form (PMW). PMW, which
are generally mixed with water as sludges, as well as
the crushed fragments, are always discharged in
empty pits or landfills without any reuse.

Very little work has been carried out regarding the
use of crushed marble for urban wastewater treatment
[10,22]. However, no scientific work has been carried
out regarding the valorization of PMW for urban
wastewater treatment in general and phosphorus
removal and recovery in particular in column or
continuous stirred tank reactor (CSTR) mode. The suc-
cess of such operation is environmentally beneficial
since it avoids the water bodies’ eutrophication,

reduces the discharged PMW amounts in landfills,
and permits the recycling of the resulting complex
low-cost material phosphorus in agriculture as
fertilizer which consequently reduces the use of
synthetic chemical fertilizers that has sextupled
between 1950 and 2000 [23].

The main goals of this experimental study are to
test the use of PMW for phosphorus removal and
recovery from synthetic aqueous solutions and to
evaluate the effect of certain key parameters such as
PMW dosage, influent feeding flow rate and aqueous
phosphorus concentration using CSTRs technique. The
use of this technique is technically very interesting
since it permits to overcome the problems of batch
system results extrapolation for real applications due
to their small scales and also the clogging phenome-
non met when using fixed bed columns [18,24,25].

2. Materials and methods

2.1. PMW preparation and characterization

In this study, the used solid matrix is constituted
by powdered marble wastes resulting from the manu-
facturing of large stones of “BIANCO GIOIA” marble.
They were collected as a dry pure powder at the
vicinity of the cutting and polishing devices from a
marble manufacture located in Borj Cedria city which
is situated at about 25 km at the south of Tunis, Tuni-
sia. In this study, PMW were sieved mechanically in
order to remove any existing fragments. Then, it was
washed with distilled water and dried in an oven at
40˚C for 48 h to a constant weight. The particle size
distribution of the used PMW was determined using a
Malvern Mastersizer STD06 laser granulometer.
Phases present in the PMW were analyzed using an
X-ray diffractometer Cu-Ka radiation, PW 1,710, Phi-
lips. Scans were conducted from 0 to 60˚ at a rate of
2h/min. The elemental composition of the PMW was
achieved by energy dispersive spectroscopy (EDS)
using a Quanta-200-Fei apparatus. The BET specific
area was determined using a Quantachrom Autosorb
1 sorptiometr. The pH of zero point charge (pHZPC) of
PMW was performed according to the solid addition
method [26] using 0.01M KNO3 solutions (CAS
number: 7757–79-1), 1 g of PMW for initial pH values
of 2, 4, 6, 8, 10, and 12.

2.2. Synthetic phosphorus solutions preparation and
analysis

Potassium dihydrogen phosphate (KH2PO4, (CAS
number: 7778–77-0), acquired from Fisher Scientific,
was used in CSTR tests as the source of phosphorus
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ions. A stock phosphorus solution of 1,000mgL�1 was
prepared with distilled water and used throughout
the study. The analysis of phosphorus species contents
was performed spectrophotometrically at 880 nm,
following the ascorbic acid method [27]. For all the
synthetic experimental studies cited below, the initial
pH of the used aqueous solutions was fixed to 6.4.

2.3. CSTR phosphorus removal studies

2.3.1. Laboratory CSTR presentation and experimental
protocol

Continuous flow tests were carried out by using a
CSTR system for the removal of phosphorus from
synthetic solutions and real secondary treated waste-
water effluents (Fig. 1). A 1.2 L glass reactor was used
to ensure the contact between PMW and phosphorus
in aqueous solutions. At the start of the assays, the
desired PMW dosage was put in the reactor, which is
then rapidly filled with the aqueous phosphorus solu-
tion at the desired concentration. Afterward, the phos-
phorus-containing water was continuously fed from a
10-L volume tank to the CSTR system with a variable
flow pump (Masterflex, Cole-Parmer Instrument Com-
pany, USA) at different flow rates corresponding to
the desired contact times. The reactor was continu-
ously stirred at 300 rpm using a magnetic stirrer
(Agimafic-S, I. P. Selecta Company) for several hours
until equilibrium is reached. This state is characterized
by a quasi-stability of phosphorus concentrations at
the entrance of the settling setup (Fig. 1). The effluent
was sampled at the entrance of the settling device at
certain time intervals to determine the efficiency of
this CSTR system for the removal of phosphorus. For
each aqueous sample (10mL), the suspension (contain-

ing water and PMW losses) was filtered through filter
paper (0.45lm) and the filtrate was analyzed in order
to determine its dissolved phosphorus concentration.

During this study, in order to determine the effects
of the PMW losses from the reactor’ outlet and also
the CSTR system design, three types of assays were
carried out (Fig. 1):

• First set of experiments (EXP-I): only one CSTR
was used without any PMW adding;

• Second set of experiments (EXP-II): only one CSTR
was used with adding of defined amounts of PMW
each 10 minutes in order to compensate the corre-
sponding losses from the reactor’ outlet;

• Third set of experiments (EXP-III): two CSTRs dis-
posed in serial mode were used without any PMW
adding. At the beginning of this kind of experi-
ments, the PMW were put only in the first reactor
and the second one was completely empty (Fig. 1).

All assays presented hereafter were conducted in
duplicate and the mean values were reported.

2.3.2. Effect of the PMW dosage

The impact of the PMW dosage was determined
for EXP-I at a constant concentration of the feeding
synthetic solution of 100mgL�1 and a flow rate of
4.5mLmin�1. The used PMW dosages were fixed to 4,
12, and 20 gL�1.

2.3.3. Effect of the influent feeding flow rate

The effect of the contact time between PMW and
the phosphorus synthetic solution was evaluated for
EXP-I at a constant feeding concentration and PMW
dosage of 100mgL�1 and 12 gL�1, respectively. The
tested feeding flow rates were fixed at 10, 4.5, and
2.5mLmin�1. These flow rates correspond to theoreti-
cal hydraulic residence times in the reactor of 2.0, 4.4,
and 8.0 h, respectively.

2.3.4. Effect of PMW adding

The effect of PMW adding (EXP-II) on the aqueous
phosphorus removal has been investigated at two
flow rates of 4.5 and 10mLmin�1. The used synthetic
solution feeding concentration and initial PMW dos-
age were fixed to 100mgL�1 and 12 gL�1, respec-
tively. As indicated above, specified PMW amounts
(determined on the basis of preliminary experiments)
were added each 10 min to the reactor in order to
compensate the losses from the reactor’s outlet and
consequently to keep its dosage constant.

Phosphorus 
solution

Peristaltic pump

Magnetic stirrers

Experim
ents type III  

Experiments type I and II 

Settling 
device 

Settled 
PMW 

Suspension 
sampling 

PMW adding: only 
for experiments type II  

Phosphorus 
solution

Fig. 1. Schematic representation of the CSTR used for the
study of phosphorus removal by PMW.
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2.3.5. Effect of the use of two CSTRs

The use of two reactors disposed in serial mode
(EXP-III) aims to ensure a large contact time between
the dissolved phosphorus and PMW (Fig. 1). Its
impact on the aqueous phosphorus removal has been
determined for a constant feeding concentration, an
initial PMW dosage in the first reactor and influent
flow rate of 100mgL�1, 12 gL�1, and 4.5mLmin�1,
respectively. It is worth mentioning that the second
reactor was completely empty at the beginning of the
experiments and no PMW adding was operated in the
system.

2.3.6. Phosphorus removal parameters calculation

The phosphorus removal by PMW at equilibrium,
qe, (mg removed phosphorus g�1 PMW) was
calculated from mass balance equation as follows:

qe ¼
Mt0 þMinj � Mtf �Mrecup

MMPW

ð1Þ

where t0 and tf are the times corresponding to the
start and the end of the experiment, respectively.
Mt0, Minj, Mrecup, Mtf , and MPMW are the initial
phosphorus mass existing inside the reactor before
the start of the experiment; the injected mass in the
reactor between t0 and tf; the recuperated mass at
the outlet of the reactor during the same time per-
iod; the existing mass inside the reactor at the end
of the experiment and the used PMW mass, respec-
tively. These masses are calculated using the follow-
ing equations:

Mt0 ¼ C0 Vr ð2Þ

Minj ¼ C0 Q ðtf � t0Þ ð3Þ

Mtf ¼ Cf Vr ð4Þ

Mrecup ¼
Z Vtot

0

CðtÞ dv ð5Þ

where C0, C(t), and Cf, are the influent, at time t and
final aqueous phosphorus concentration measured at
the outlet of the reactor, respectively. Q is the applied
flow rate. Vr and Vtot are the reactor volume and the
total solution volume recuperated at the outlet of the
reactor.

Eq. (5) was approximated using the trapeze
method by the formula presented hereafter [25]:

Mrecup ¼ 1

2

Xi¼n

i¼0

ðCiþ1 � CiÞ ðViþ1 � ViÞ ð6Þ

where Ci+1, Ci, and “Vi+1, Vi” are the phosphorus
aqueous concentrations and “recuperated volume at
the outlet of the reactor” at the instants ti+1 and ti,
respectively.

The phosphorus removal efficiency at equilibrium
(ARE) is calculated from the relation:

ARE ð%Þ ¼ ðC0 � CfÞ
C0

� 100 ð7Þ

3. Results and discussions

3.1. PMW characterization

From Table 1, the PMW can be considered as a
very fine solid porous media and therefore used as
a fine reactive filter media with probable high
removal capacity. Indeed, the mean diameter is rela-
tively low (22.6lm). The BET specific area of the
used PMW was estimated to 0.14 m2 g�1 which is
comparable to commercial calcium carbonate [28]
and dolomite [13]. The X-ray and EDS analyses indi-
cate that PMW are exclusively formed by calcite
with relatively high contents of Ca. No Fe or Al is
detected (Table 1). Since Ca is important for the
removal of phosphorus via sorption and precipita-
tion processes [19], so the PMW should present an
interesting capability of phosphorus removal and
recovery from aqueous solutions (Table 1). The
pHZPC was determined to 8.11, which is very close
to the value found for calcite with a purity of 98%
in CaCO3 [29]. As a consequence, under the used
experimental conditions (initial pH=6.4), the PMW
particles surface should be positively charged.

Table 1
Main physicochemical characteristics of the used marble
powder wastes ((1) dx: mesh diameter that allows x% of
the porous media to pass through; (2) UC: uniformity
coefficient: ratio of d60/d10)

d10 (lm)1 2.6

d60 (lm)1 28.6

UC (-)2 10.9

d50 (lm)1 22.6

Ca (%) 32.9

Mg (%) 0.75

Specific area (m2/g) 0.14

pH of zero point charge (pHZPC) 8.11
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3.2. Dynamic experiments results

3.2.1. Effect of PMW dosage

According to the experimental conditions presented
in section 2.3.2, the results showed that for all the used
PMW dosages, the phosphorus removal process is
clearly time dependent (Fig. 2). Indeed, the aqueous
phosphorus concentrations decreases rapidly for
contact times lower than 160, 133, and 90min for PMW
dosages of 4, 12, and 20 gL�1, respectively. From these
times, equilibrium state, characterized by relatively
stable aqueous phosphorus concentration, is attained.
On the other hand, due to the presence of more
sorption sites, higher is the PMW dosage; faster is the
phosphorus removal kinetic. This observed kinetic
removal process is partially explained by the fact that
at the beginning, the phosphorus ions were partly
adsorbed by the exterior surface of PMW, so the
adsorption rate was fast. When the exterior surface
sites reach saturation, the phosphorus ions enter into
the PMW particles pores and were adsorbed by the
interior surface of the particles. The found equilibrium
times are comparable to materials relatively rich in Ca
such as blast furnace slag discharged by steel factories
[30] and red mud waste from alumina industries [31].
They are relatively higher than pure dolomite [13] and
phosphate mine slimes [32].

On the other hand, the increase in the PMW dos-
ages causes a decrease in the residual phosphorus
concentration and consequently an increase in its
removal efficiency (Fig. 2). Indeed, the phosphorus
removal efficiencies values increased from about
53–75%, as the PMW dose was increased from 4 to
12 gL�1. Such a trend is mainly attributed to both an
increase in adsorption capacity—through an increase
in the sorptive surface area and adsorption sites—and
to the availability of more favorable conditions of

calcium phosphates precipitation due to the dissolu-
tion of more Ca from PMW into the aqueous solutions
[11,33]. The phosphorus adsorption process onto
PMW might include both ligand ion exchange carbon-
ates, sharing between phosphorus species and some
specific functional groups [18,19]. In our case, the
phosphorus removal from the aqueous solutions
might include both adsorption and precipitation as
calcium phosphates species because of the relatively
high equilibrium pH of the effluent which was deter-
mined to vary between 7.4 and 8.3. This pH interval
favors the chemical precipitation of the various forms
of calcium phosphates [34]. In cases where the waste-
water to be treated is more acid, the contents of other
ions such as Mg, Fe, and Al may be more important
as the precipitation reactions with these ions are
favored at low pH values [34].

The phosphorus removal efficiency onto PMW
remained quasi constant from a dose of 12 g L�1 and
further dose augmentation (until 20 gL�1) did not
affect significantly the uptake of phosphorus from the
aqueous solution (Fig. 2). This plateau corresponds to
an average residual phosphorus concentration at equi-
librium (Cf) of 24.8mgL�1 and a removal efficiency of
about 76%. Thus, under the studied experimental con-
ditions, PMW present a relatively high phosphorus
removal from aqueous solutions for doses equal or
larger than 12 gL�1 compared to natural materials
such as dolomite [13] and phosphate mine slimes [18].

3.2.2. Effect of feeding flow rate

The hydraulic residence time (HRT) in the reactor
could be considered as an important factor condition-
ing phosphorus removal under dynamic conditions.
As indicated in section 2.3.3, three theoretical HRTs of
2, 4.4, and 8h were investigated for a constant PMW
dosage of 12 gL�1. The experimental results (Fig. 3)
show that the phosphorus removal efficiency is rela-
tively low for an influent feeding flow rate of
10mLmin�1 and becomes important for flow rates
values of 4.5 and 2.5mLmin�1. Indeed, at equilibrium,
the residual average aqueous phosphorus concentra-
tion decreases from 65.8 to 21.6mgL�1 for feeding
flow rates of 10 and 2.5mLmin�1, respectively. These
concentrations correspond to phosphorus removal effi-
ciencies of about 35 and 79%, respectively. Thus, for
this flow rate interval, higher is the contact time
between the PMW and aqueous phosphorus solution;
higher is the effectiveness of the phosphorus removal
and recovery. However, no significant difference on
phosphorus removal performance by PMW was
observed between flow rates of 4.5 and 2.5mLmin�1
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(Fig. 3). This finding is attributed the fact that the
HRTs of 4.4 and 8h corresponding to the flow rates of
4.5 and 2.5mLmin�1 are so much higher than the
required time to achieve equilibrium between
the phosphorus species in the aqueous phase and the
PMW (about 133min, see x 3.2.1). The required HRT
is very dependent on the physicochemical properties
of the used low-cost material. Indeed, Brooks et al.
[35], when studying phosphates removal by wollas-
tonite (calcium metasilicate) using vertical up-flow
columns, reported that removal efficiencies higher
than 80% were obtained for residence times more than
1.7 days. Besides, Lin et al. [33] demonstrated in batch
mode that the phosphorus removal efficiency by com-
mercial calcite increases with the reaction time until
the equilibrium was attained after 18 h. However, Wei
et al. [17] found that HRT of only 1–2 h is sufficient to
ensure an optimal phosphorus removal from surface
water from the Monongahela river (West Virginia,
USA) by an acid mine drainage sludge essentially
formed by iron and aluminum hydroxides. It is worth
mentioning that this HRT might be also dependent on
the agitation intensity and the physical properties of
the reactor such as total volume, position of the influ-
ent’s inlet and outlet and its geometric form.

The average removed phosphorus amounts were
determined using Eq. (1) to 7.9, 13.8, and 14.8mgg�1

for feeding flow rates of 10, 4.5, and 2.5mLmin�1,
respectively. The value relative to the last flow rate is
relatively important compared to many tested materi-
als under dynamic conditions such as some Danish
sands [36], phosphates mine slimes [18], shellsand
[37], limestone which is, like PMW, mainly constituted
by calcium carbonate [38] and Polish opoka, which
contains about 50% of calcium carbonate [14].

The relatively low phosphorus removal efficiency
at a feeding flow rate of 10mLmin�1 (Fig. 3) could be

attributed not only to the low contact time between
aqueous phosphorus and PMW but also to the high
PMW amounts losses from the reactor’s overflow. In
fact, preliminary assays (data not shown) had indi-
cated that the PMW losses from the reactor’s outflow
depend significantly on the used flow rate. Indeed, in
the first 10 minutes, the lost PMW amounts for a flow
rate of 10mLmin�1 were about 2 and 7 times higher
than the ones observed for flow rates of 4.5 and
2.5mLmin�1, respectively. Therefore, the PMW dos-
age inside the reactor and thereby the total number of
available adsorption sites decrease significantly with
time for higher influent feeding flow rates resulting in
a net decrease in phosphorus removal percentage.

3.2.3. Effect of PMW adding

According to the experimental conditions detailed
in section 2.3.4, the experimental results show that for
a PMW dosage of 12 gL�1 and an influent feeding
flow rate of 4.5mLmin�1, the continuous PMW add-
ing does not offer better phosphorus removal effi-
ciency (Fig. 4(a)). In fact, the aqueous phosphorus
concentration at the entrance of the settling device
decreases slightly from 25.6 for EXP-I to 22.9mgL�1

in case of EXPII. This result confirms the finding
reported in section 3.2.1 mentioning that for a used
influent feeding flow rate of 4.5mLmin�1, the PMW
dosage increase from 12 to 20 g L�1 does not improve
significantly the phosphorus removal from the aque-
ous solutions (see Fig. 2). However, the PMW adding
seems to be necessary for an influent flow rate of
10mLmin�1 in order to compensate the relatively
high amounts of the used material lost from the reac-
tor’s outflow (Fig. 4(b)). Indeed, even if the phospho-
rus removal kinetics at the beginning of the
experiments are quite similar for EXP-I and EXP-II,
the phosphorus removal efficiency at equilibrium state
increases from about 46% to 61% when PMW were
added to the reactor.

As a consequence, Fig. 4(a) and (b) indicate that
for relatively high applied influent flow rates, PMW
amounts losses from the CSTR have to be compen-
sated by continuous adding of raw PMW. However,
other technological solutions could be used in order to
decrease these losses and to optimize PMW addition
into the reactor.

3.2.4. Effect of the use of two CSTRs

In order to improve the phosphorus removal
efficiencies registered when using one reactor for flow
rates of 10 and 4.5mLmin�1, which are, respectively,
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75% and 35% (See x 3.2.2), a second reactor has been
disposed in serial mode (Fig. 1). Fig. 5(a) and (b) pres-
ent the phosphorus aqueous concentrations at the
entrance of the settling device for applied flow rates
of 4.5 and 10mLmin�1, respectively, when two reac-
tors disposed in serial mode were used. As specified
in section 2.3.5, the PMW dosage in the first reactor
and influent phosphorus concentration were fixed to
12 gL�1 and 100mgL�1, respectively.

The experimental results show clearly that the use
of two CSTR disposed in serial mode permits a signifi-
cant decrease in the effluent phosphorus concentration.
Indeed, when the initial HRTs were doubled and the
PMW losses from the first reactor’s overflow were col-
lected into the second reactor (which was totally empty
at the beginning of the experiments), the measured
effluent phosphorus aqueous concentrations at equilib-
rium (Cf) decrease from 65.8 to 19.6mgL�1 and from
25.6 to 11.7mgL�1 for influent flow rates of 10 and
4.5mLmin�1, respectively. The total phosphorus
removal efficiencies for the two CSTRs system were
evaluated to 80.3 and 88.3% for flow rates of 10 and
4.5mLmin�1, respectively. The corresponding removed
phosphorus masses per gram of PMW were evaluated
using Eq. (1) to 15.9 and 17.0mgg�1 for feeding flow

rates of 10 and 4.5mLmin�1, respectively. They are,
respectively, 101 and 23% higher than the ones regis-
tered when using only one CSTR. Thus, to ensure high
phosphorus removal efficiencies by PMW, the use of
two CSTRs disposed in serial mode seems to be neces-
sary especially in case of relatively high influent feed-
ing flow rates. The best phosphorus removal efficiency
of PMW (88.3%) is about 26% higher than the one
found for crushed Norwegian marble [10]. This finding
could be explained probably by both the low specific
area and the difficulty of Ca2+ dissolution into water of
their very coarse used medium compared to our PMW.
For a feeding flow rate of 10mLmin�1, the measured
phosphorus aqueous concentration at the outlet of the
second reactor increases slightly after a duration of
about 250min (Fig. 5(b)). This behavior is certainly due
to the relatively important PMW losses observed at this
flow rate. It is important to underline that for the tested
flow rates, the use of two CSTRs offers better
phosphorus removal efficiencies than the continuous
adding of PMW in case of one CSTR. As a
consequence, for PMW dosage higher than 12 gL�1,
phosphorus removal and recovery from wastewaters
using real large-scale dynamic devices should more
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Table 2
Comparison of phosphate adsorption onto PMW with other adsorbents under dynamic conditions (HRT: hydraulic
residence time; HLR: hydraulic loading rate; dx: mesh diameter that allows x% of the porous media to pass through;
SA= specific area; CEC: cationic exchange capacity)

Material and main characteristics Study
type

Description of the study Phosphorus retention
characteristics

References

Natural materials

Oyster shell. d10 = 0.9mm;
d60 = 1.5mm Ca= 37.8%;
Mg= 0.22%; Fe = 0.06%

Column Synthetic solution: C= 50mgPL�1;
HRT= 4h; HLR=0.3 Lday�1

Saturation value after
70days = 7.925mgPg�1

[41]

Polonite. Particle size: 2–5.6mm;
Ca= 24.5%; Mg= 0.44%;
Fe= 1.65%

Column Synthetic solution: C= 5mgPL�1;
HLR=530Lm�2 day�1

Retained P after
68weeks = 96.7%

[46]

Danish sands. d10 = 0.2–1.4mm;
d60 = 0.6–3.7mm; Ca= 0.06–
6.99%; Mg= 0.008–0.223

Column Synthetic solution: C= 10mgPL�1;
HRT= 12–14h; HLR=0.24 Lday�1

Removal efficiency
after 12weeks: 0.052–
0.165mgPg�1

[36]

Crushed Norwegian marble.
d10 = 0.7mm; d60 = 1.7mm;
Ca= 38.9%; Mg= 0.26%;
Fe= 0.04%; Al = 0.09%

Column Synthetic solution: C= 10mgPL�1;
HRT= 12–14h; HLR=0.24 Lday�1

Removal efficiency
after 12weeks = 70%

[10]

Commercial calcite. d10 = 0.8mm;
d60 = 3.3mm; Ca= 24%;
Mg=0.36%; Fe = 0.13%;
Al = 0.35%

Column Synthetic solution: C= 10mgPL�1;
HRT= 12–14h; HLR=0.24 Lday�1

Removal efficiency
after 12weeks = 100%

[10]

Shellsand. Ca = 31.8%; Mg= 1.46%;
Fe= 0.22%; Al = 0.15%

Column Synthetic solution: C= 5–
1,000mgPL�1;
HLR=100Lm�2 day�1

Adsorption capacity
after 32days:
3.5mgPg�1

[37]

Shellsand. Particle size: 3–7mm;
Ca= 32.8%; Mg= 1.42%;
Fe= 0.06%

Column Synthetic solution: C= 10mgPL�1;
HRT= 4.1 day; HLR=4.5 Lday�1

Adsorption capacity
after 303days:
0.497mgPg�1

[15]

Wallastonite. Particle size: 1–3mm;
Ca= 15.1%; Mg= 1.33%;
Fe= 2.15%; Al = 0.55%

Column Synthetic solution: C= 5mg P L�1;
HLR=610 Lm-2day�1;

P-removal efficiency
after 68weeks of
operation = 51.1%

[46]

Posidonia oceanica fibers:
d10 = 4lm; d60 = 27lm;
Ca= 4.96%; Mg= 0.56%;
Fe= 2.51%; Al = 0.6%; SA=2m2/
g

CSTR Synthetic solution: C= 50mgP/L;
adsorbent dosage = 5 gL�1

HRT= 0.5–1 h

Adsorbed P
amount = 3.03mgg�1;
P-removal
efficiency= 80%

[42]

Phosphate mine slimes: d10 = 4 lm;
d60 = 27lm; Ca= 23.83%;
Mg= 2.94%; Fe = 5.37%;
Al = 3.5%; SA=40.82m2/g

CSTR Synthetic solution: C= 50mgP/L;
adsorbent dosage = 5 gL�1

HRT= 0.5–1 h

Adsorbed P
amount = 5.63mgg�1;
P-removal
efficiency= 81%

[32]

Powdered marble wastes (PMW).
See Table 1 for the main
characteristics

CSTR Synthetic solution: C= 100mg L�1;
adsorbent dosage = 12 gL�1;
HRT= 8.8 h

Adsorbed P
amount = 17.0mgg�1;
P-removal
efficiency= 88.3%

This study

Industrial by-products

Coal fly ash. Particle size:
<12.6mm; CEC=9.3 cmol/kg;

Column Synthetic solution: C= 35–
42mgPL�1; HLR=3 L day�1

Adsorption capacity
after 40days: 0.3mg P
g�1

[39]

Basic oxygen furnace slag. Particle
size:<22 lm.

CSTR membrane-filtered effluent from a
membrane bioreactor in a sludge
treatment process: C= 72.9mgPL�1;
HRT= 2h

P-removal efficiency
after 30days of
operation = 52.4%

[47]

(Continued)
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tolerate PMW dosage and aqueous phosphorus concen-
trations fluctuations than influent flow rates or contact
times between the low-cost material and dissolved
phosphorus.

3.3. Comparison of PMW efficiency with other materials
and their prospect of using to remove and recover
phosphorus using CSTR system

Table 2 gives a comparison between the effi-
ciency of PMW and other natural or industrial by-
products on the removal of phosphorus from aque-
ous solutions under dynamic conditions (column or
CSTR). It shows clearly that PMW could be consid-
ered as promising materials to remove and recover
phosphorus. Indeed, for an aqueous phosphorus
concentration of 100mgL�1, a PMW dosage of
12 gL�1 and HRT of 8 h (two CSTRs disposed in
serial mode), the found removal efficiency in this
study is several 10 times more than some Danish
sands [36]; shellsand from Norway [15]; coal ash
[39]; skin split waste loaded with aluminum [40];
and several times higher than other type of Norwe-
gian shellsand [37]; oyster shell from Korea [41];
Mediterranean Posidonia oceanica fibers [42]; Tuni-
sian phosphate mines slimes [32]; crushed Norwe-
gian marble [10] and is comparable to and apatite
[12]. Other industrial by-products, which have
higher specific area than PMW and are relatively
rich in Ca, Mg, Al, and Fe, such as blast furnace
slag have demonstrated significant capability to
remove phosphorus from aqueous solutions [43,44].
However, at the contrary of PMW, these enriched
phosphorus products could not be easily valorized
as fertilizer due to their possible of harmful side-
effects on soils [45].

4. Conclusions

This study shows that powdered marble wastes
can be considered as attractive materials for phospho-
rus removal and recovery from aqueous solutions
compared to various other materials. In CSTR mode,
the main parameter influencing the phosphorus
removal efficiency by PMW is the hydraulic residence
time. For PMW dosage of 12 gL�1, a sufficient HRT of
8.8 h, the phosphorus removal efficiency from syn-
thetic solutions exceeds 88%. The CSTR system could
be integrated in existing urban or industrial wastewa-
ters treatment plants with the added benefits of reduc-
ing derogatory environmental impacts of wastewaters
discharge in water bodies, PMW discharge in landfills
and reusing nutrients-saturated PMW as fertilizer.
Large-scale pilot studies are recommended with raw
and thermally treated PMW in order to corroborate
the encouraging results obtained at laboratory scale.
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