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a b s t r a c t

Phosphate mine slimes (PMS), an abundant waste generated from phosphate mines, was used in this
study as a cost-effective adsorbent to investigate the phosphate anions removal from synthetic and urban
secondary treated wastewater solutions. Dynamic experiments using laboratory reactors were carried
out to study the effect of phosphate influent concentration, PMS dosage and feed flow rate on phosphate
removal and a kinetic model was used to determine the phosphate mass transfer coefficients. The results
eywords:
ine slimes

euse
hosphate
ynamic
emoval

show that the phosphate removal increases with influent phosphate concentration and PMS dosage. The
feed flow rate has no significant effect. On the other hand, the phosphate removal from wastewater is
less efficient than the synthetic solution due to anions competition process. The evaluation of phosphates
mass transfer coefficients confirms the presence of anion competition phenomena and the necessity of
increasing PMS dosage to provide more adsorption sites. The cost-effective and high adsorptive capability
of PMS make them attractive materials for phosphate anions removal and recovery from secondary

the
treated wastewaters with

. Introduction

Phosphate is often present in wastewater mostly as organic
hosphate, inorganic phosphate, oligophosphates and polyphos-
hates [1]. Its release into water bodies can disturb the balance of
quatic organisms and affects water quality due to eutrophication
rocess, consequence of decrease of dissolved oxygen availabil-

ty and excessive algae growth [2]. In many countries, stringent
egulations have limited discharged phosphorus level in urban
astewater to 0.05 mg L−1 and emphasize the need of adapted

echniques for its removal [3].
Various biological, physical and chemical methods have been

eveloped to remove phosphate from wastewaters. The formers are
ery difficult to operate in wastewater treatment plants because
hey require strict anaerobic and aerobic conditions and highly
killed operation regarding microbial adaptation [4]. Physical
ethods, such as reverse osmosis and electro-dialysis, developed

o fulfill the strict standards of wastewater disposal, have the draw-

ack of high costs [5]. Precipitation process with lime, aluminum
nd iron salts, is the most widely used chemical technique for phos-
hate removal. However, it requires a large amount of chemicals
nd produces a great quantity of waste sludge [6]. Anion exchang-
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possibility of agronomic reuse as fertilizer.
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ers are other commonly used chemical methods but they have low
selectivity in presence of competing anions [7].

In the last decade, considerable attention has been paid to devel-
oping effective and low-cost adsorbents from natural materials for
phosphate adsorption with agricultural reuse potential [8,9]. The
tested materials include apatite [10,11], dolomite [12,13], lime-
stone [14], zeolite [15,16], coal acid mine drainage sludge [17],
wood particles [18] and date palm fibers [9].

Phosphate mine slimes (PMS) are wastes generated abundantly
by phosphate mining industry and discharged into the environ-
ment [19]. Each ton of manufactured phosphate produces about
1 T of PMS, causing a very serious waste disposal problem for
many countries [19,20,21]. To date, in Mediterranean countries,
very little work has been carried out regarding the reuse of mine
sludges in agricultural activities [19,21]. No significant research
work has been reported on the reuse of PMS for urban or indus-
trial wastewaters treatment in general and phosphates removal
in particular. However, it could present a potential for phosphate
removal given the wide range of studies reporting the efficiency of
fine porous media to treat urban wastewater [17,22]. The success
of such treatment is environmentally beneficial by reducing water
bodies’ eutrophication and the resulting material could offers a sub-

sequent use for soil amendment if of course PMS do not release any
toxic elements such as heavy metals [8,17].

On the other hand, the peer-reviewed scientific literature indi-
cates that the majority of phosphate removal studies were carried
out with either synthetic solutions or very small scale devices

dx.doi.org/10.1016/j.jhazmat.2010.08.026
http://www.sciencedirect.com/science/journal/03043894
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batch mode), which make their extrapolation for real applica-
ion very difficult. Only very few experiments have been done
sing real wastewaters and/or laboratory columns [23,24]. They
re confronted to the clogging phenomenon caused by suspended
olids filtration and micro-organisms population growth. This phe-
omenon induces a significant decrease of the treatment efficiency
nd of the measured flow rate at the columns outlet [25–27]. The
aboratory reactors are other techniques used to tackle these prob-
ems by treating an important amount of wastewater and ensuring
ontinuous renewal of both the aqueous solution and the adsor-
ents. The need of using this technique at laboratory or field scale
as been pointed out by several authors [17,28].

This research work presents a significant practical and industrial
nterest in the valorization of an abundant waste for wastewater
reatment. It has two original aspects which are the reuse of PMS as
low-cost adsorbent and the recovery of nutrients (phosphates and
itrogen) from urban wastewater respectively. Moreover it offers
double environmental solution since it avoids the water bodies’

utrophication and reduces the discharged PMS wastes amounts.
hus, this research work can be considered as a very interesting
ontribution to the preservation of the environment in particular
or countries rich in phosphates.

The main goal of this work is to study, under different exper-
mental conditions, the efficiency of PMS as an abundant and
ow-cost waste for phosphate removal from synthetic solutions
nd secondary treated wastewater, using laboratory reactors tech-
ique. The comparison of the capability of this adsorbent with those
resented in literature and its prospect use in agriculture is also
iscussed.

. Materials and methods

.1. Adsorbent preparation and characterization

The used adsorbent was obtained from the discharged sludges
f Metlaoui phosphate extraction manufactures, located at around
50 km at the south of Tunis, Tunisia. The annual average amount
ischarged is about 3.5 millions m3 [29]. These sludges are a mix-
ure of 86% of water and 14% of solid phase (PMS).

In this study, PMS were separated from water after natural set-
ling during 5 days period, and then air-dried during one week.
he resulting product was crashed and sieved mechanically using
set of sieves. Only the particles with diameter inferior to 63 �m
ere used. This fraction was chosen in order to have a good
ixing between PMS particles and the aqueous phase when the

eactor is stirred with the magnetic stirrer and consequently to
nsure a good contact between aqueous phosphate species and the
dsorbent. The particle size distribution of the used fraction was
etermined using a Malvern Mastersizer STD06 laser granulome-
er. Its mineralogical composition was performed by X-ray analysis
ith a Philips PAN Analytical, X Pert PRO-MPD model. The ele-
ental composition of the PMS was achieved by energy dispersive

pectroscopy (EDS) using a Quanta-200-Fei apparatus. Finally, the
ET specific area was determined using a Quantachrom Autosorb
sorptiometer.

.2. Synthetic phosphate solutions preparation and analysis

Potassium dihydrogen phosphate (KH2PO4), acquired from
isher Scientific, was used in adsorption tests as the source of

hosphate ions. A stock phosphate solution of 1000 mg L−1 was
repared with distilled water and used throughout the study.
he analysis of phosphate species contents was performed spec-
rophotometrically at 880 nm, following the ascorbic acid method
30].
aterials 184 (2010) 226–233 227

2.3. Dynamic adsorption studies

2.3.1. Experimental set up and protocol
The used experimental set up is given by Fig. 1. The contact

between the phosphate species and the PMS was ensured in a 1.2 L
glass reactor. At the beginning of the experiments, the used reac-
tor was rapidly filled with both the desired aqueous phosphate
solution and the PMS dose. Afterwards, using a variable flow peri-
staltic pump (Masterflex, Cole-Parmer Instrument Company, USA),
the aqueous solution containing dissolved phosphate species was
continuously fed to the reactor at a predefined flow rate, corre-
sponding to the desired contact time (Fig. 1). In the same time,
an accurate adsorbent mass, determined on the basis of prelimi-
nary experiments, was also fed to the reactor each 10 min in order
to compensate its losses through the overflow and consequently
to keep constant the PMS dosage. The reactor was continuously
stirred at 300 rpm using a magnetic stirrer (Agimafic-S, I. P. Selecta
Company) for a while after the equilibrium is reached. The equi-
librium corresponds to phosphate concentrations stability at the
reactor outlet.

The efficiency of the system on the phosphate removal was
followed through the effluent phosphate concentrations progress
measure by the analysis of 10 mL aqueous solutions sampled at dif-
ferent times. For each aqueous sample, the suspension was filtered
through 45 �m filter paper and the filtrate was analyzed in order
to determine its dissolved phosphate concentration. All assays pre-
sented hereafter were conducted in duplicate and the mean values
were reported.

2.3.2. Effect of the influent phosphate concentration
The influent phosphate concentrations effect on their adsorp-

tion onto the PMS was carried out through kinetics and equilibrium
studies. Three influent phosphate concentrations were used: 15,
30 and 50 mg L−1 and their progress in time were followed until
70 min. The adsorbent dosage, pH and aqueous flow rate were fixed
at 5 g L−1 (dry amount), 7 and 20 mL min−1 respectively.

2.3.3. Effect of the adsorbent dosage
The impact of the adsorbent dosage was determined for a con-

stant concentration of the feed synthetic solution, pH and flow rate
of 15 mg L−1, 7 and 20 mL min−1 respectively. The used PMS doses
were fixed to 2, 5 and 10 g L−1.

2.3.4. Effect of the feeding flow rate
The effect of the contact time between the PMS and the phos-

phate synthetic solution was evaluated for a constant influent
concentration, pH and adsorbent dosage of 15 mg L−1, 7 and 5 g L−1

respectively. The tested flow rates were fixed to 20 and 40 mL min−1

using the peristaltic pump. These flow rates correspond to contact
times of 1 and 0.5 h respectively.

2.3.5. Effect of anions competition
During this study, two types of phosphate solutions were

used. The first one, corresponded to synthetic solutions at a con-
centration of 8 mg L−1 prepared, as cited above, by diluting the
phosphate stock solution with distilled water. The second type
of phosphate solutions with also an average concentration of
8 mg L−1 came from an activated sludge wastewater treatment
plant (WWTP) of Soliman city (North East of Tunisia). Its quality
depends on the importance of the industrial proportion in the raw

wastewater received in the WWTP entrance. However, the average
values of some physico-chemical parameters are: 73 mg L−1 of sus-
pended solids (SS), 90 mg L−1 of biological oxygen demand (BOD5),
32.5 mg L−1 of total organic carbon (TOC), 7.3 of pH, 1.6 g L−1 of
salinity and 8 mg L−1 of phosphate species. This effluent does not



228 S. Jellali et al. / Journal of Hazardous Materials 184 (2010) 226–233

he stu

c
b

2

d
A
Q

Q

w
a
v
d

f

A

2

f
s
t
t
f
h
e

R

w
V

a
l

V

w
c

Fig. 1. Schematic representation of the used device for t

onform to the Tunisian discharges norms, which are 30 mg L−1 for
oth BOD5 and SS and 0.05 mg L−1 for phosphate [27].

.3.6. Phosphate removal parameters calculation
The quantity of the adsorbed phosphate was calculated from the

ecrease of the phosphate concentration in the aqueous solutions.
t a giving time, t, the amount of adsorbed phosphate onto the PMS,
t, (mg g−1) was obtained as follows:

t = (C0 − Ct) V

M
(1)

here C0 and Ct are the influent aqueous phosphate concentration
nd the effluent concentration at time t, respectively, V the total
olume of the aqueous solution (L) and M is the mass of the used
ried adsorbent (g).

The adsorption removal efficiency (ARE), at time t, is calculated
rom the relation:

RE(%) = (C0 − Ct)
C0

100 (2)

.4. Evaluation of mass transfer characteristics

The determination of phosphate mass transfer characteristics
rom the aqueous solution to the adsorbent is a very important
tep for the up scaling of the used laboratory dynamic experimen-
al devices such as columns or continuously fed reactors or also
o perform the numerical studies [17,28]. For reactors where the
eed solution is continuously renewed and the adsorbent mass is
eld constant, the rate of mass transfer (R) with respect to time is
xpressed as [28]:

= V
dCw

dt
(3)

here Cw is the phosphate concentration in the aqueous solution,
the solution volume in the reactor and t is the contact time.

Considering the concentration gradient in the external film
round the particles, the rate of mass transfer across the boundary
ayer is equal to the adsorption rate:
dCw

dt
= kS(Cs − Cw) (4)

here, k is the mass transfer coefficient (m s−1), Cs the phosphate
oncentration onto the PMS, S the total interfacial area (m2) of the
dy of phosphate adsorption onto PMS in dynamic mode.

adsorbent particles and V is the working solution volume in the
reactor. At short times, when Cs is very lower than Cw, then the
rate of mass transfer can be expressed by:

−V
dCw

dt
= kSCw (5)

Upon integration of Eq. (5), the following linearized equation is
obtained:

Ln(
Ct

C0
) = −kS

V
t (6)

where C0 and Ct and are the influent aqueous phosphate concen-
tration and the effluent concentration at time t, respectively.

The mass transfer coefficients for all the experiments carried out
in this study were determined from the slope of the plot of Ln( Ct

C0
)

vs. t.

2.5. Heavy metals leaching test

Since Tunisian PMS could contain some heavy metals [19], two
leaching experiments were carried out to determine if certain met-
als could be solubilized in the aqueous phase from the PMS during
the phosphate adsorption process. The tests were performed by agi-
tating 100 mL distilled water dosed with 0.5 g of PMS for 120 min at
pH 7. After agitation, samples were filtered through a 45 �m mem-
brane, and then the concentrations of the main dissolved metals
(Cd, Zn, Cr, Cu, Fe, Mn and Ni) in the filtrate were determined using
an Elemental Analysis Spectrometer Inductively Coupled Plasma
(Jokin Ywon Ultimac).

3. Results and discussions

3.1. Adsorbent characterization

The physico-chemical PMS matrix characterization shows that
they are formed with a very fine solid porous media with a rela-
tively high surface area (Table 1). Moreover, they are essentially
composed by dolomite (50%) and clays (39%) which should have an

important impact on the aqueous phosphate removal [12–13,17].
The elemental composition analysis shows that oxygen; calcium;
silicon and iron are the main components of the PMS. Other con-
stituents with percentage lower than 5% are also present in the PMS
including carbon; phosphorus; aluminum; magnesium; chlorides;
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Table 1
Main physico-chemical characteristics of the used Mine phosphate slimes (1) dx:
mesh diameter that allows x% of the porous media to pass through; (2) UC: unifor-
mity coefficient: ratio of d60/d10).

Particle size distribution
d10 (�m)1 4
d60 (�m)1 27
UC (–)2 6.18
d50 (�m)1 21

Mineralogical composition (%)
Calcite 2
Dolomite 50
Smectite 10
Illite 12
Kaolonite 17
Fluorapatite 7
Helvite 1
Gypsum 1

Elemental composition (%)
Carbon 4.35
Oxygen 38.69
Sodium 0.74
Magnesium 2.94
Aluminum 3.50
Silicon 13.81
Phosphorus 4.06
Sulphur 0.83
Chlorides 1.08
Potassium 0.79
Calcium 23.83
Iron 5.37

Main heavy metals contents (mg/kg) [19]
Cadmium 48.2
Zinc 311.5
Chromium 352.0
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Copper 28.1

Specific area (m2 g−1)
Specific area, BET method 40.82

ulfur; potassium and sodium (Table 1). On the other hand, the
eavy metals analysis in the PMS showed that they are relatively
ich in cadmium and chromium [19].

.2. Dynamic experiments results

.2.1. Effect of the influent phosphate concentration

According to the experimental conditions detailed in Section

.3.2, the results show that for a constant PMS dosage of 5 g L−1, the
hosphate adsorption process is clearly time dependent (Fig. 2). The
ffluent phosphate concentration decreases rapidly and reaches a
uasi-equilibrium state after a contact time of about 10 min. From

ig. 2. Effect of influent aqueous concentration on phosphate removal by PMS (pH
; adsorbent dosage = 5 g L−1, temperature = 18 ± 2 ◦C; flow rate = 20 mL min−1).
aterials 184 (2010) 226–233 229

10 to 70 min, the uptake is further increased but with a much slower
rate. This kinetic adsorption process is explained by the fact that at
the beginning, the phosphate ions were adsorbed by the exterior
surface of PMS, so the adsorption rate was fast. When the exte-
rior surface sites reach saturation, the phosphate ions enter into
the PMS particles and were adsorbed by the interior surface of the
particles [9]. Thus, a minimum contact time of 10 min seems to be
sufficient to reach an equilibrium state between the adsorbent and
the phosphates species contained in the aqueous solution. This rel-
atively small contact time is due to the high stirring forces in the
reactor which facilitate the contact between PMS particles and the
phosphates species and increase the rate transport of phosphate
species from the aqueous solution to the solid–liquid interface. In
addition, the use of fine porous media size (<63 �m) increase the
sorptive surface area and the availability of more adsorption sites.
It is important to underline that this contact time is comparable to
the ones found for adsorbents having relatively similar mineralog-
ical composition (dolomite and/or clays). For example, Karaca et al.
[13] showed that in batch mode, 10 min is sufficient to reach an
equilibrium state between phosphate species and dolomite orig-
inated from Turkey. Moreover, Boujelben et al. [31] showed that
this equilibrium time was evaluated to 15 min when they stud-
ied the orthophosphates removal by Tunisian iron oxide crushed
brick.

The final measured effluent phosphate concentrations for
influent feed aqueous concentrations of 50, 30 and 15 mg L−1

were determined to be 21.8, 12.6 and 2.8 mg L−1, respec-
tively. These effluent concentrations are equivalent to phosphate
removal efficiencies of about 56%, 58%, and more than 81%,
respectively.

On the other hand, it appears that the phosphate uptake
increases with increasing influent phosphate concentration. In fact,
raising the influent phosphate concentration from 15 to 30 and
50 mg L−1 allows the PMS to increase their adsorption capaci-
ties from 2.44 to 3.48 and 5.64 mg g−1 respectively. This finding
could be explained by the fact that higher is the initial aqueous
phosphate concentrations, higher is the concentration gradient
between aqueous solution and the solid phase which result in
more important diffusion rates. Furthermore, for high initial aque-
ous concentrations, the contact probability between phosphates
species contained in the aqueous phase and the adsorbent might
be more privileged.

The phosphates adsorption process onto PMS was not yet illus-
trated. However, according to many phosphate adsorption studies
using mineral adsorbents, this process might be essentially chemi-
cal [10,11,31]. The involved mechanisms might include both ligand
ion exchange with chlorides, and sulphates anions (see Table 1) and
sharing between phosphate species and some functional groups
such as hydroxyl groups [31].

3.2.2. Effect of the adsorbent dosage
The impact of the PMS dosage on phosphate removal under the

experimental conditions cited in Section 2.3.3, shows that the efflu-
ent phosphate concentrations decrease rapidly until a contact time
of about 10 min (Fig. 3), then the phosphate removal is further
increased but with a very slow rate. Furthermore, it is observed
that higher is PMS dose, lower is the effluent phosphate concen-
trations and consequently higher is the removal efficiency. The
effluent phosphate concentrations at equilibrium for PMS doses
of 2, 5 and 10 g L−1 are determined to be 7.5, 2.8 and 0.8 mg L−1,
respectively (Fig. 3). These effluent concentrations are equiva-

lent to phosphate removal efficiencies of about 50%, 81%, and
more than 94%, respectively. Thus, under the studied experimen-
tal conditions, PMS adsorption capacity increases with increasing
its dose. This trend has also been observed for the adsorption of
phosphate onto dolomite [13] and onto coal acid mine drainage
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ig. 3. Effect of PMS dosage on phosphate removal (pH 7; initial phosphate concen-
ration = 15 mg L−1, temperature = 18 ± 2 ◦C; flow rate = 20 mL min−1).

ludge [17]. It confirms that the PMS dose increase induces an
ncrease in the total available surface area of the adsorbent par-
icles. The phosphate removal efficiency observed at PMS dose
f 10 g L−1 is significantly high and indicates that they could be
sed as potential adsorbent for phosphate removal from aqueous
olutions.

.2.3. Effect of phosphate feeding flow rate
The hydraulic residence time (HRT) in the reactor is gener-

lly considered as an important factor conditioning the pollutant
emoval under dynamic conditions. As cited in Section 2.3.4, two
heoretical HRT of 1 and 0.5 h were investigated for a constant PMS
osage of 5 g L−1. The experimental results (Fig. 4) show that either
he curve shape or the final effluent phosphate concentrations at
quilibrium are almost the same for the tested HRT. At equilibrium,
he phosphate removal efficiencies are calculated to be about 81%
or the two tested flow rates. Thus, HRT does not significantly affect
hosphate removal performance by PMS for the range of the tested
ow rates. This is due to the fact that the two used HRT (1 and
.5 h) are higher than 10 min, which is determined to be sufficient
o reach equilibrium between the phosphate species in the aqueous
hase and the PMS (see Section 3.2.1). This finding is in concor-

ance with the results reported by Wei et al. [17] when they studied
he phosphate removal from surface water from the Monongahela
iver (West Virginia, USA) by acid mine drainage sludge gen-
rated by coal mine. Consequently, phosphate species removal
sing such large-scale dynamic systems should more tolerate

ig. 4. Effect of flow rate on phosphate removal by PMS (pH 7; initial phosphate
oncentration = 15 mg L−1, adsorbent dosage = 5 g L−1; temperature = 18 ± 2 ◦C);.

Fig. 5. Effect of anion competition on phosphate removal by PMS (a) Comparison
between synthetic solution and Soliman secondary wastewater (pH 7; initial phos-

−1 ◦ −1
phate concentration = 8 mg L , temperature = 18 ± 2 C; flow rate = 20 mL min );
(b) Impact of chlorides anions in batch mode (pH 7; initial phosphate concentra-
tion = 15 mg L−1, temperature = 18 ± 2 ◦C); (c) impact of sulphates anions in batch
mode (pH 7; initial phosphate concentration = 15 mg L−1, temperature = 18 ± 2 ◦C).

flow rate fluctuations than phosphate concentrations or adsorbent
dosage.

3.2.4. Effect of anion competition
The impact of using the secondary treated wastewater of Soli-

man city instead of the synthetic solutions at the same influent
phosphate concentration, 8 mg L−1, is presented in Fig. 5a. This fig-
ure shows that PMS are more efficient to remove phosphate species

from synthetic solution than from Soliman’s urban wastewater.
Indeed, for the same PMS dosage (5 g L−1), the effluent concentra-
tions at equilibrium are determined to be 0.8 and 4.2 mg L−1 for
the synthetic solution and the wastewater respectively. The corre-
sponding removal efficiencies are estimated to be about 90% and
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Table 2
Determination of the phosphate species mass transfer coefficients for the dynamic experiments carried out (*: PMS dosage = 5 g L−1, pH 7, flow rate = 20 mL min−1; : influent
phosphate concentration = 15 mg L−1, pH 7, flow rate = 20 mL min−1; : influent phosphate concentration = 15 mg L−1, pH 7, PMS dosage = 5 g L−1).

Influent phosphate concentration (mg L−1)* PMS dosage (g L−1) Flow rate (mL min−1)
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In order to situate the PMS efficiency among the materials used
to remove phosphate from aqueous solutions, a comparison based
on the adsorbed amount, was made with some common materials
under dynamic conditions (Table 3). The results show that the PMS
15 30 50

k (m s−1) 0.70 × 10−3 1.06 × 10−3 2.34 × 10−3

8% respectively. However, when the PMS dosage is increased to
0 g L−1, the equilibrium phosphate concentration in the effluent
ecreases to 3.0 mg L−1 (Fig. 5a) and the removal efficiency exceeds
2%.

The decrease of phosphate adsorption capacities by PMS is
ainly due to the presence of relatively high contents of anions

uch as sulphates and chlorides in Soliman’s wastewater. These two
nions are present in the wastewater at concentrations of 452.5 and
190.9 mg L−1 respectively.

In order to determine the effect of chlorides and sulphates on
hosphate species removal by PMS, synthetic batch adsorption
ssays with different contents of these two anions and a con-
tant phosphorus concentration of 15 mg L−1 were carried out.
he tested chlorides and “sulphates” concentrations were fixed to
03; 910 and 1517 mg L−1 and “150; 750; 1100 and 1500 mg L−1”
espectively. The results (Fig. 5b and c) show that taking into
ccount the Soliman wastewater quality, the chlorides anions have
much higher efficiency in lowering phosphate species adsorption
nto PMS. Indeed, for chlorides and sulphates concentrations of
517 and 750 mg L−1 respectively, the phosphate species removal
fficiency decreases with about 34% and 7% respectively. This find-
ng confirms that the decrease of phosphate removal efficiency
btained with the used secondary wastewater is mainly due to
ompetition process between phosphate species and chlorides
nions.

This phenomenon has also been reported by Karthikeyan et al.
32] when they studied the adsorption of phosphate onto cation-
zed solid wood residues. In this context, Jellali et al. [27] showed
hat the use of real wastewater containing high contents of calcium
nd magnesium highly affects the ammonium adsorption onto a
andy soil.

.3. Evaluation of mass transfer characteristics

The mass transfer coefficients were determined as cited in Sec-
ion 2.4 for all experiments carried out in this study (Table 2). The
esults show that the mass transfer coefficient increases about 3
imes when the influent phosphate concentration rises from 15 to
0 mg L−1. This is mainly due to the increase of phosphate ions

n the solution in case of high phosphate concentrations which
nhances their transport to the solid–liquid interface. Similarly,
ncreasing adsorbent dosage from 5 to 10 g L−1 increases twice
he mass transfer coefficient. This finding could be linked to the
ncrease of the active adsorption sites. Concerning the effect of flow
ate, the values of the mass transfer coefficients indicate a slight
ncrease of the rate transport of phosphate species from the bulk
o the solid-liquid interface when the flow rate rises from 20 to
0 mL min−1. This observation may be due to the decrease of the
esistance in mass transfer when the flow rate is increased.

The mass transfer coefficients of the phosphate experiments
nto PMS from Soliman’s wastewater are compared to the one of
he synthetic solution and presented in Fig. 6. The mass transfer

oefficients of the synthetic solution and Soliman’s wastewater at
he same PMS dosage of 5 g L−1 are found to be 3.15 × 10−4 m s−1

nd 1.68 × 10−4 m s−1, respectively. This result indicates that the
ate transport of phosphate species to the solid–liquid interface in
ynthetic solution is relatively faster than in the case of the wastew-
10 20 40

.70 × 10−3 1.58 × 10−3 0.70 × 10−3 0.85 × 10−3

ater. This observation is mainly due to the presence of other anions
in wastewater which compete with phosphate anions. The mass
transfer coefficient of Soliman’s wastewater at 10 g L−1 dose was
found to be 3.26 × 10−4 m s−1 which is comparable to the one found
for the synthetic solution at PMS dosage of 5 g L−1. This finding indi-
cates that the rise in adsorbent dosage leads to an increase in the
sorptive surface area and the availability of more adsorption sites.
Thus, for overcoming the effect of competition in wastewater and
consequently to improve the phosphate adsorption efficiency, it is
recommended to increase the adsorbent dosage.

3.4. Metal leaching experiments

The aqueous phase analysis results after 120 min contact time
between PMS and distilled water at pH 7 show that all the fol-
lowed heavy metals concentrations of Cd, Zn, Cr, Cu, Fe, Mn and Ni
are lower than the detection limits of the ICP/AES apparatus, which
are 0.1, 5.0, 0.5, 0.5, 5.0, 0.2, 0.5 �g L−1 respectively. Thus, it can
be concluded that these heavy metals resolubilization from PMS
(see Table 1) to the aqueous phase is not likely to be a major con-
cern when phosphate removal by PMS is carried out at a pH range
typical for secondary treated municipal wastewaters (6 < pH < 8).
This finding could be explained by the fact that these heavy metals
are mainly present in the residual, carbonates and oxy-hydroxides
fractions [19]. The exchangeable fraction which could be easily res-
olubilzed does not exceed 3% [19]. This result is in concordance with
the one presented by Wei et al. [17] when they studied the phos-
phate adsorption by acid mine drainage generated by coal mine.
Indeed, they showed that even for large pH game (between 5 and
9), no significant metal resolubilization from their adsorbent was
observed.

3.5. Comparison with other adsorbents and prospect using of
PMS in urban WWTPs
Fig. 6. Impact of the use of wastewater and adsorbent dosage on phosphates mass
transfer coefficients
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Table 3
Comparison of phosphate adsorption onto mine phosphates slimes with other nat-
ural adsorbents ( : batch mode; : dynamic mode).

Material C0 (mg L−1) Adsorption
capacity (mg g−1)

References

Opoka 5–25 0.10 [14]
Skin split waste 1.7 0.17 [23]
Dolomite 0–100 0.17 [12]
Limestone 5–25 0.30 [14]
Bauxite 2.5–40 0.61 [33]
Spodosol 5–20 1.00 [14]
Apatite 5–150 1.09 [10]
Polonite 4.11 1.3 [34]
Natural zeolite 500–10000 2.15 [15]
Natural zeolite 0.5–1000 2.19 [16]
Alum sludges 1.68 2.66 [24]
Wood fiber 0–100 4.32 [18]
Date palm fibers 10–110 4.350 [9]
Apatite 0–500 4.76 [11]
Maerl 0–5000 7.49 [35]
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Shellsand 5–1500 8.00 [36]
Scallop shell 20 12.70 [37]
Phosphate mine slimes 50 5.63 This study

ould be considered as promising materials to remove phosphate.
ndeed, for an aqueous phosphate concentration of 15 mg L−1, an
dsorbent dosage of 5 g L−1 and at pH 7, the adsorption capacity of
MS is about 34 times higher than skin split waste [23], 4 times
han polonite [34] and 2 times than alum sludge [24].

This comparison has been extended to batch systems since
nly very few dynamic experiments were presented in literature
Table 3). Generally for a given adsorbent, the adsorbed phosphate
mounts in dynamic mode are very lower than those obtained in
atch mode [23,24]. Despite of this proved statement, the adsorbed
mount by PMS in dynamic mode is found to be so much higher
han those reported for other materials in batch mode (Table 3).
ndeed, the adsorbed phosphate mass by PMS is more than 33 times
igher than dolomite [12], 18 times than limestone [14], 5 times
han apatite [10] and comparable to apatite [11] and lignocellulosic

aterials such as wood fibers [18] and date palm fibers [9].
Since PMS present a relatively high phosphate adsorption capac-

ty, their use as a low-cost adsorbent could be considered as an
ttractive method for phosphate removal from urban wastewater.
he phosphate adsorption process with PMS could be ensured by
separate set up at the outlet of the secondary treated wastew-

ter plants as a tertiary treatment. The wastewater and the PMS
ill be continuously renewed and stirred in the set up allowing
reasonable contact time between nutrients and the adsorbent.
fter nutrients adsorption in this set up, the resulting enriched PMS
ould then be recovered from the effluent by settling operation in
separate device or by other solid–liquid separation method. The
o resolubilization of heavy metals from the enriched PMS with
utrients encourage their reuse as fertilizer for agricultural pur-
oses [8,17]. This operation will limit the derogatory effects on the
nvironment of the non controlled discharging of urban wastew-
ters and phosphates mines sludges. However, further controlled
arge-scale experimental investigations are recommended in order
o study the impact of physico-chemical and bacterial properties of
he agricultural soils and also the added PMS dosage on the possible
eavy metals transport in the subsurface.

. Conclusions
This study demonstrates that phosphate mine wastes can be
onsidered as promising materials for phosphate species removal
nd recovery from wastewaters. Indeed, even in dynamic mode,
hey present relatively high phosphate adsorption capacity com-
ared to various other materials tested in batch mode. The main

[

[
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parameter influencing the phosphate adsorption capacity of PMS
is the adsorbent dosage. For neutral pH and PMS doses higher than
10 g L−1, the phosphate removal efficiency from synthetic solutions
exceeds 94%. The use of a secondary treated wastewater decreases
this removal efficiency due to anion competition phenomenon with
probably chlorides and sulphates anions. However, increasing the
PMS dosage has significantly compensated this decrease. The no
resolubilization of heavy metals from the enriched PMS with nutri-
ents allows their reuse as fertilizer for agricultural purposes.

The used dynamic reactor shows high potentialities of PMS to
be used as a tertiary treatment of urban secondary effluents which
permits in the same time the prevention of water bodies eutroph-
ication and the reuse of huge amounts of wastes. Large-scale pilot
studies are recommended in order to confirm the promising results
obtained at laboratory scale.
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