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Abstract
The aim of this work is to evaluate an effective filtration technique for residual organic pollutants and heavy metals removal 
using two types of sand rich in iron oxide as a massive filter (sieved and gross sand). X-ray diffraction, X-ray fluorescence 
(XRF), scanning electron microscopy, energy dispersive spectroscopy (EDS) and specific surface area BET were investigated 
to characterize the sand. Experimental results showed that the BOD5 removal was found to be 93% for gross sand (GS) and 
96% for sieved sand (SS). The COD removal was equal to 98.9 and 99.7% for GS and SS, respectively. The hydrogen bond-
ing, complexation/precipitation process, ions exchanges and electrostatic interactions are the main phenomena proposed to 
describe residual organic pollutants removal. For heavy metals adsorption, results show a great efficiency removal between 90 
and 100% for both cases. The adsorption mechanism was proposed based on zero-point charge, FTIR analysis, fluorescence 
(XRF) and EDS. The fixation of heavy metals onto the sand could be referred to hydrogen bonding, electrostatic interaction, 
ion exchange and electron donor–acceptors.
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Introduction

Increased urbanization and population growth have resulted 
in an increase in water requirements, which has resulted in 
excessive use of water resources with a large volume of pol-
lutants. Moreover, wastewater becomes an important source 
of pollution and a major human health problem (Chaves 
et al. 2016; Ellis and Butler 2015; Miao et al. 2015).

In recent years, several environmental problems were 
observed as a result of water contamination by organic 
and inorganic pollutants characterized by their persistence, 
toxicity and bioaccumulation capacity. Therefore, they 
must be removed before being discharged into a receiver 
medium (Albishri and Mahmoud 2013; Ji et  al. 2012; 

Gebru and Das 2017; Karnib et al. 2014; Tunali et al. 
2006; Liu et al. 2013; Shannon et al. 2008). Heavy metals 
are the most common environmental water pollutants and 
pose a potentially carcinogenic risk to humans, such as 
anemia, nervous system deterioration, failure of kidneys, 
and DNA-protein cross-linkage leading to cancer of the 
kidneys, liver and gastric tract (An et al. 2001; Chaudhry 
et al. 2016a, 2017a; Yan and Viraraghavan 2003; Ingleza-
kis et al. 2002). Unlike organic pollutant waste, heavy met-
als are characterized by a long-term persistence and high 
non-biodegradability (O’Carroll et al. 2013; Jiang et al. 
2010; Hongjie et al. 2009; Zhong et al. 2014). For these 
reasons, effective elimination of organic pollutants and 
inorganic pollutants has become an important issue today 
(Gaikwad 2004; Uzun and Güzel 2000).
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Today, innovative and cost-effective solutions to waste-
water treatment and wastewater reutilization with new 
materials and techniques become a priority (Ding et al. 
2014). Iron oxide sand filtration can be an effective inno-
vative technique to solve these problems. A number of 
papers have used different types of sand rich in iron oxide 
such as sand coated with iron oxide modified with sulfate 
(Vaishya and Gupta 2005), iron impregnated quartz sand 
(IIS) (Vaishya and Gupta 2003), Ce(IV) doped iron oxide 
(Zhang et al. 2003), silica-containing iron(III) oxide (Zeng 
2003), iron-oxide-coated polymeric materials (Katsoyian-
nis and Zouboulis 2002) and iron oxide coated sand (Gupta 
et al. 2005), iron-zirconium oxide-coated sand (Chaudhry 
et al. 2017b; Chaudhry and Khan 2017), iron oxide activated 
red mud (Khan et al. 2015), and zirconium oxide-coated 
marine sand (Khan et al. 2013). Various techniques have 
been explored to remove heavy metals and organic pollutants 
from wastewater such as electrocoagulation (Adhoum et al. 
2004; Hanay and Hasar 2011; Heidmann and Calmano 2008; 
Kabdasli et al. 2009), ion exchange (Sapari et al. 1996), pre-
cipitation, adsorption (Chen and Wang 2000; Siddiqui and 
Chaudhry 2017), and ion exchange-assisted membrane sepa-
ration (Dzyazko and Belyakov 2004; Vasilyuk et al. 2004). 
Among these techniques, filtration using sand is an innova-
tive method for treating water contaminated by toxic pollut-
ants. The simplicity, low energy consumption and relatively 
low operational costs make sand filtration one of the most 
common pretreatments currently used in large installations 
(Bar-Zeev et al. 2012).

Sand filtration is an efficient process which can be used 
for wastewater treatment (Al-Jlil 2009; Liu et al. 2003). It 
displays two roles: (1) adsorption of heavy metals and the 
fixation of the biomass, which could be developed on the 
grains of sand and (2) the biodegradation of the organic mat-
ter (Hua et al. 2003; Weber-Shirk 2002).

In this study, sand filtration and the adsorption process 
were used to remove organic pollutants and heavy metals 
(Cr, Pb and Cu) using a new type of sand rich in iron oxide 
(also, called black sand). This type of sand is distributed in 
some places located close to estuaries by the Atlantic Ocean: 
Oum Er-Rbia, Tensift, Massa and Souss (Agadir). The sand 
comes from mechanical decomposition of the hercynian 
eruptive rocks of the Triassic basalts located upstream. 
Effects of key parameters and fixation mechanism were 
investigated to study both processes.

Materials and methods

The study was carried out using industrial effluent coming 
from the Tassila industrial zone in Agadir-Morocco as a 
wastewater model. All samples were collected in polyethyl-
ene bottles with a volume of 20 L. Physicochemical analyses 

[pH, conductivity, turbidity, biological oxygen demand for 
5 days (BOD5), chemical oxygen demand (COD) and heavy 
metals] are normalized following the Moroccan norms, simi-
lar to the French AFNOR standards.

The pilot‑scale filter

Figure 1 shows the pilot scale filter with a 2 m-high column 
and 20 cm in diameter. The two columns used in our study 
are filled with two types of RSIO (GS and SS). A layer of 
15 cm of the same gravel was placed under the layer of sand 
in order to avoid the transport of the sand particles. The 
lower end of the column consists of a perforated plate allow-
ing the flow of treated wastewater. The active layer (2 m) is 
composed of black sand.

Characterization techniques

The morphology and elemental composition of the samples 
were observed using a scanning electron microscope (SEM) 
equipped with a dispersive X-ray spectrometer (EDX). The 
crystal structure of the samples was characterized by an 
X-ray powder diffractometer. The molecular structure was 
analyzed by a Fourier transform infrared (FTIR) spectrom-
eter. The Brunauer–Emmett–Teller surface measurements 
(BET) were carried out on a Micromeritics ASAP 2020M 
surface analyzer. X-ray fluorescence analysis (XRF) was 
performed on a wavelength dispersion spectrometer—
Type Axios. COD and BOD5 measurements were detected, 
respectively, by a COD photometer (MD 200) and BOD 
meter (oxy-direct). Heavy metal ion concentrations were 
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Iron oxide
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water recovery

Fig. 1   Pilot-scale filter
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detected by AA-7000 graphite furnace atomic absorption 
spectrometry.

Experimental studies

The temperature and pH measurements were carried out 
by multimeter ASWA AD 1030 pH/mV. The conductivity 
measurement is determined using a CONS800 C864 mul-
tiparameter. Measurement of turbidity is determined by 
the standard THERMO Scientific ORION AQ4500 digital 
turbidimeter.

To measure the chemical oxygen demand, disposable 
tubes with integrated reagents were used; the principle con-
sists in oxidizing the organic matter with a standard solution 
of potassium dichromate in the presence of sulfuric acid, 
to accelerate the oxidation of certain organic compounds. 
Silver sulphate was used as a catalyst. It should be noted that 
low concentrations were determined using tubes designed 
for the range of 3–150 mgO2/L, for high concentrations, the 

tubes between 20 and 1500 mgO2/L were used. The BOD 
measurement is carried out in a sample flask with a BOD 
sensor in a closed system. The BOD value is in mgO2/L.

In this study, we tested the removal efficiency of heavy 
metals Cr, Pb and Cu through the filtration process by sand 
rich in iron oxide. Whatman filter paper was used to filter the 
raw and treated samples for heavy metals analysis.

To avoid metal precipitation and biological growth, a few 
drops of concentrated nitric acid were added to the sam-
ples to obtain pH 2 (Assubaie 2015), then the samples were 
stored at 4 °C for analysis using AA-7000 graphite furnace 
atomic absorption spectrometry. Table 1 shows the concen-
trations of heavy metals [Cr(II), Pb(II), Cu(II)], at the input 
pilot system filled with RSIO.

Results and discussion

Characterization

SEM/EDS/XDR and XRF analysis

Figure 2 shows the XRD pattern of both types of sand rich 
in iron oxide. The following compounds (Fe2O3, TiO2, 
SiO2 and ZrO2) were observed. The identification of the 
phase obtained is made by comparing experimental and 
reference data (JCPDS file). According to XRD analysis, 
the most intense peak of Fe2O3 was located at 2θ = 33.4, 
which is more intense in the SS compared with GS, and con-
firmed the results obtained by X-ray fluorescence (Table 2) 
(73.1% in GS and 80.4 in SS). For the other oxides (TiO2: 
2θ = 49.8, SiO2: 2θ = 50.2, ZrO2: 2θ = 35.8) the same data 
was observed. The diminishment of XRD pattern intensity 
might be due to the oxide particles over the surface of the 
sand (Guo et al. 2012).

The sand images of scanning electron microscopy con-
firmed the texture of the sand particles (Fig. 3). The sand 
grains have a smooth surface with minor roughness. The 

Table 1   Results recorded at the system input

Samples System input (mg/L)

Cr Pb Cu

1 2.1725 0.812 44.812
2 2.1775 0.8095 45.3145
3 0.7575 0.5595 8.6195
4 0.7295 0.5385 8.5502
5 0.771 0.512 8.1427
6 0.756 0.6125 8.4028
7 1.2635 0.491 8.2261
8 1.586 0.648 8.02665
9 1.598 0.748 11.859
10 1.6485 0.7525 11.373
11 1.627 0.7245 11.824
12 1.4965 0.727 9.8733
13 1.386 0.735 9.86465

Fig. 2   XRD diagram of two 
types of sand
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irregular structured oxide particles on the surface of the 
sand created the morphology and made the material porous. 
These properties of surface make the sand a good amor-
phous material which can be used for the elimination of 
heavy metals in wastewater.

EDS analysis made it possible to observe the increase in 
the weight percentage of iron oxides and zirconium oxide 
from 73.1% (GS) to 80.4% (SS) and 2.83% (GS) to 5.1% 
(SS), respectively. Moreover, a decrease was found in the 

weight percentage of titanium and silicon 11.4–4.99% and 
8.1–2.79% for GS and SS, respectively. These results have 
been confirmed by the fluorescence characterization tech-
nique (XRF).

FTIR

Figure 4 shows the FTIR spectrum of the main peaks which 
characterize the GS and SS. From Fig. 4, a wideband was 
observed at 3434  cm−1, related to hydroxyl elongation 
(–OH) (Abbasizadeh et al. 2013; Ba-Abbad et al. 2012). 
The bands observed at 2924 and 2854 cm−1 correspond 
to the asymmetric CH2 stretching vibration. The band at 
1634 cm−1 was assigned to the vibration in the plane of 
the backbone of the aromatic cycle. The peaks located at 
1464 and 1384 cm−1 were, respectively, associated with 

Table 2   Sand sample composition (XRF analysis)

Compound Fe2O3 TiO2 SiO2 ZrO2

Gross sand (weight %) 73.1 11.4 4.99 2.83
Sieved sand (weight %) 80.4 8.1 2.79 5.1

Fig. 3   SEM and EDS analysis of the two types of sand

Fig. 4   FTIR spectrum of the 
two types of sand
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asymmetric and symmetric deviation CH3 vibrations (Maira 
et al. 2001). The peak characteristic of Si–O elongation, the 
flexion, and the rotation modes are observed at 1034, 545 
and 464 cm−1, respectively (Bange et al. 2008; Hofman et al. 
1996; Ma et al. 2003). The peaks between 800 and 450 cm−1 
were attributed to the elongation of the Ti–O bands (Ba-
Abbad et al. 2012; Bagheri et al. 2012). The peaks between 
821 and 569 cm−1 are due to the stretching vibration of the 
(Al–O) connection (Fe–O) (Imtiaz et al. 2013). Finally, the 
peaks between 800 and 520 cm−1 are attributed to the elon-
gation modes of (Zr–O) (Altass and Abd El Rahman 2016).

BET and zero‑point charge of the two types of sand

Table 3 shows the specific surface area of both types of 
sand. The value of BET surface area is 0.884 m2 g−1 for 
the gross sand (GS) and 0.4229 m2 g−1 for the sieved sand 
(SS). As shown in Fig. 5 the point charge zero of the sand 
was determined by measuring the initial pH, and the final 
pH [potassium nitrate solution (0.1 M) was used with 0.1 g 
of sand]. The ratio of the initial pH and the final pH solution 
intersected at a point called a zero-point charge found at pH 
6.83 for the gross sand (GS) and 7.9 for the sieved sand (SS) 
(Chaudhry et al. 2016b).

Heavy metals removal

Table 1S shows the results recorded in the output of the 
pilot system filled with gross sand. We observe that the aver-
age percentage of Cr(II), Pb(II) and Cu(II) elimination was 

reached, respectively, namely 99.7, 98.5 and 85.1%. For the 
pilot system filled with sieved sand as shown in Table 2S, 
the average percentage of elimination of Cr(II), Pb(II) and 
Cu(II) reached 95.9, 95.7 and 85.3%, respectively.

Monitoring heavy metals (Cr, Pb and Cu) show that the 
retention of heavy metals by RSIO is almost total. However, 
the presence of iron oxides in the sand affects significantly 
the mobility of heavy metals. Also, the presence of the ele-
ment is involved in the maintenance of many metals (Benja-
min et al. 1996), including the role of organic matter in the 
fixation of a major portion of trace metals. These elements 
are identified by X-ray fluorescence technique.

The fixing of heavy metals can have a toxic effect on 
sand microbial processes. However, many microorganisms 
are capable of developing a resistance strategy to heavy met-
als. The microorganisms can play a role in the mobilization 
of metals, and they can affect their bioavailability by fixing 
elements and release them, breaking down organic matter 
(Herman et al. 1995). Generally, there are two mechanisms 
for heavy metals adsorption, including specific adsorp-
tion and non-specific adsorption. Specific adsorption is a 
less reversible reaction, and happens slowly. Non-specific 
adsorption (or ion exchange) is reversible and occurs quite 
quickly (Xing et al. 2011).

Many studies have found that heavy metals can be 
removed by soils (Awan et al. 2003; Jiang et al. 2010). 
Accordingly, soils are natural materials that play a role 
in treating wastewater, before the heavy metals seep into 
groundwater, or flow into other areas or rivers. The most 
important process affecting the behaviors of heavy metals in 
soil is the adsorption of metals from liquid phase into their 
solid phase (Echeverria et al. 1998; Srivastava et al. 2005).

Results showed that the GS was performed for Cr(II), 
Pb(II) and Cu(II) removal compared with SS, which is 
explained by the higher elements percentages in the GS than 
in the SS.

The results found in this study show a high efficiency of 
elimination of heavy metals, which is in accord with other 
reported studies, for which the types of the same sand were 
used (Aba-aaki et al. 2013, 2014).

Possible mechanisms of heavy metals removal 
onto sand rich in iron oxide

Figure  6 shows possible mechanisms of heavy metals 
removal onto sand rich in iron oxide. The RSIO contains 
different functional groups (–OH, Fe–O, Al–O, Si–O, 
Ti–O), and different oxides (Fe2O3, TiO2, SiO2…), which 
are detected by the FTIR analysis, fluorescence (XRF) and 
EDS. Therefore, we propose a mechanism based on:

•	 The interactions between the functional groups on the 
surface of the RSIO and heavy metals, especially the 

Table 3   Specific surface area of the two types of sand

TS fraction Surface area (m2/g) C value of BET
BET

S. sand 0.884 505.6
C. sand 0.4229 245.76

Fig. 5   Zero-point charge of the sand
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interaction mechanism between –OH and Cu(II), Cr(II), 
Pb(II) (Ait Ahsainea et al. 2017).

•	 Another possibility is that Cu(II), Cr(II) and Pb(II) could 
be retained through ions exchanges on the sand surface 
(Xing et al. 2011).

•	 According to the zero-point charge of the sand, the 
adsorption mechanism referred to electrostatic interac-
tion. (Anfar et al. 2017; Zbair et al. 2018).

•	 According to the results of FTIR analysis and fluores-
cence (XRF), Metal-O functional and Fe2O3, TiO2, SiO2 
oxides may participate in the complexing and precipita-
tion process of heavy metals onto sand (Benjamin et al. 
1996).

•	 Other biological interactions (Herman et al. 1995).

pH turbidity and conductivity parameters

•	 As shown in Fig. 7a, the pH of the sewage fixed at the 
inlet of the column varies between 5.69 and 7.19 with an 
average value of 6.45. The pH of the treated water with 
gross sand varied between 7.62 and 8.10 with an aver-
age value of 7.87, and between 7.51 and 7.95, for water 
treated with sieved sand.

•	 As shown in Table 3S, the turbidity values vary between 
100 and 300 NTU in the sewers installed at the inlet of 
the column and between 0.86 and 4.37 NTU for water 
treated with gross sieved sand. Concerning the water 
treated by sieved sand, it takes values between 2.07 and 
5.92 NTU.

•	 As shown in Fig. 7b, the conductivity of the sewage var-
ies between 2142 and 4978 μS/cm, and that of gross sand 
treated water between 1967 and 4647 μS/cm, whereas for 
water treated with sieved sand it changes between 1327 
and 4337 μS/cm.

Our filtration system based on the use of RSIO shows 
more effective and stable wastewater treatment results than 
other soil-based systems such as wetland systems or compact 
filtration systems. According to the recorded results of pH, 
it is observed that the pH increases after filtration by the two 
types of sand rich in iron oxide, and this can be explained 
by the alkalinity of our sand (Achak et al. 2011; Mekki et al. 
2007). Most suspended solids are removed after the raw sew-
age has drained onto the gravel pack by sand. This is mainly 
due to physical processes (filtration and sedimentation) and 
sieving in the gravel packet (Abissy and Mandi 1999). The 
average conductivity of the water treated by the two types 

Fig. 6   Possible mechanisms of 
heavy metals removal onto sand 
rich in iron oxide
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of RSIO decreases after infiltration. These average values 
are in agreement with the Moroccan surface water standards 
(< 2700 μs/cm). This is due to the high content of ionic 
constituents present in our studied sand.

COD and BOD5 parameters

Chemical oxygen demand results indicate that the concen-
tration of this parameter for wastewater entering the pilot 
system fluctuates between 6130 and 33,000 mgO2/L with 
an average value of 16,731 mgO2/L (Table 3S). As shown 
in Table 3S, the COD concentrations measured at the out-
let was ranged from 31 to 178 mgO2/L with an average of 
105 mgO2/L, and from 9 to 70 mgO2/L with an average of 
41 mgO2/L for gross sand and sieved sand, respectively. Fig-
ure 8 shows the percentage reduction of COD in gross sand 
varies between 97.4 and 99.9% with an average reduction of 
98.9% and the percentage of COD reduction in sieved sand 
changes between 98.7 and 99.9% with an average reduction 
of 99.7%.

Concerning biological oxygen demand BOD5, the con-
centration of wastewater used at the entry of the pilot system 
changes between 229 and 368 mgO2/L with an average value 
of 285 mgO2/L (Table 3S). The BOD5 concentrations meas-
ured at the outlet when using gross sand vary from 17 to 
23 mgO2/L with an average value of 19 mgO2/L (Table 3S), 
and the reduction percentage of BOD5 which fluctuates 
between 90 and 95.4% with an average reduction 93.1% of 
BOD5 (Fig. 1S). The concentrations of BOD5 measured at 
the outlet from the sieved sand go from 6 to 16 mgO2/L with 
an average value of 11 mgO2/L (Table 3S), and the reduc-
tion percentage of BOD5 which varies between 94.4 and 
98% with an average reduction of 96.1% of BOD5 (Fig. 1S).

The concentrations of COD and BOD5 measured during 
treatment with gross sand were lower than those measured 
with sieved sand rich in iron oxide. The pilot system operates 

fully under aerobic/anaerobic conditions. The reduction of 
oxygen between the inlet and the outlet made it possible 
to check the presence of active microorganisms (Casas and 
Bester 2015). Reduction of organic pollutants is achieved by 
biodegradation (Chen et al. 2009; Latrach et al. 2016; Luan-
manee et al. 2002). The rate of removal of organic pollutants 
by the system has shown significant retention. This is linked 
to better oxygenation at the surface of the pilot system, ena-
bling aerobic bacteria to ensure better mineralization and 
oxidation of organic pollution (Polprasert et al. 1996), and 
thus the physical retention of organic pollutants in sand iron 
oxide (Abissy and Mandi 1999).

The results recorded for the treatment of organic pollu-
tion by sand rich in iron oxide used in this study present a 
better elimination capacity compared with the type of sand 
already used by the percolation infiltration process (Et-taleb 
et al. 2014).

Conclusion

The use of two types of rich sand in iron oxide (RSIO) as 
a massive filter for wastewater treatment has demonstrated 
its effectiveness on a pilot scale to remove heavy metals and 
organic pollutants from industrial wastewater. The results 
obtained in terms of physicochemical analyses of treated 
wastewater show a good reduction of the organic load (COD: 
98.9% and BOD5: 93.1%) by the GS and (COD: 99.7% and 
BOD5: 96.1%) by SS. The results obtained for heavy met-
als removal show an improved performance: 99.7% [Cr(II)), 
98.5% (Pb(II)), 85.1% (Cu(II)) for GS and 95.9% (Cr(II)), 
95.7% (Pb(II)], 85.3% (Cu(II)) for SS. These values are in 
line with the Moroccan water standards used for irrigation. 
According to FTIR, XRD and EDS, a possible mechanism 
of heavy metals removal onto sand rich in iron oxide was 
proposed, referring to:
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•	 Interactions between hydrogen bonding functions 
(OH–) and Cu(II), Cr(II), Pb(II).

•	 Ion exchange process.
•	 Electrostatic interaction.
•	 Complexation and precipitation process.
•	 Other biological interactions.

Sand filtration showed a major efficiency for industrial 
wastewater depollution, in particular, the removal of micro-
pollutants (heavy metals). This study confirms the ability 
and efficiency of RSIO for the removal of heavy metals and 
organic pollutants from industrial wastewater samples.
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