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Abstract
The standard groundwater treatment technology is a simple, non-chemical reagent technology based on aeration and 
filtration processes. This treatment technology is resulted in the formation of groundwater treatment sludge (GWTS). 
Because one of the elements of sustainable development is the possibility of their reuse, that water treatment plant 
operators are looking for new ways of managing these sludges. At present, not all factors determining the adsorptive 
capacity of water treatment sludge are known. The explanation why the adsorption capacity of sludge with a similar 
structure and chemical composition may differ significantly will allow for their wider use as adsorbents. The informa-
tion which must be known to ensure proper sludge management are the quality, chemical composition and texture 
characteristics of the GWTS. The sludges were characterized by X-ray diffraction, X-ray fluorescence, Fourier transform 
infrared spectroscopy and  N2 adsorption/desorption isotherms. The results showed that the composition and proper-
ties of the GWTS depend primarily on the quality parameters of the raw water and the processes and reagents used in 
its treatment technology. GWTS contains mainly amorphous iron oxides. Sludges are characterized by a large specific 
surface area (145 m2/g). Due to composition and textural parameters, GWTS demonstrates good adsorption properties 
toward different compounds such as heavy metals and metalloids. In this article, the authors describe the relationship 
between properties of resulting sludge and the properties of groundwater, the treatment technology and backwash 
water treatment from rapid filters.
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1 Introduction

The safety of drinking water is a significant issue all over 
the world. The groundwater is contaminated by iron, man-
ganese, ammonium, nitrate compounds as well as heavy 
metals and organic matter; however, mainly groundwater 
is contaminated by iron and manganese compounds [1]. 

The standard treatment technology for this kind of water 
is based on aeration and filtration processes [2]. It is a sim-
ple, non-chemical reagent technology. If the groundwa-
ter quality is poor, additional treatment processes may be 
required, including the use of chemical reagents. Pollut-
ants deposited in the course of the filtration process are 
washed out of the filters in the backwashing process and 
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settled in settling tanks forming groundwater treatment 
sludge (GWTS).

GWTS is produced every day in large quantities around 
the world [3]. At present, the reuse of sludge from the 
backwashing of rapid filters used in water treatment 
processes in Poland is very low compared to other coun-
tries. For instance, in Japan and the USA, the percentage 
of reuse of sludge is 55 and 35%, respectively, while in 
Poland only 2%. Sludges are applied to municipal sewage 
systems, in agriculture or in cement production [4]. Regu-
lations that prohibit the introduction of residuals from 
water treatment processes into surface waters as well as 
the tightening conditions for their discharge into landfills 
and the related high costs force water treatment plants to 
search for new, alternative sludge management methods.

Sludges from water treatment processes (WTS) similarly 
to fly ash [5], metallurgical slag [6, 7], sewage sludge [8], 
biomass [9] or reused sanding wastes [10] are waste mate-
rials with good adsorption properties toward a range of 
compounds [3]. Detailed knowledge of the chemical com-
position of the formed sludge could facilitate its rational 
utilization. The properties of sludge, such as the surface 
area, particle size and chemical composition, are among 
the most important factors determining the possibility of 
its use as an effective adsorbent for removing a number of 
pollutants from water and wastewater [11].

The GWTS resulting from the process of iron removal 
from groundwater contains particles of iron oxyhydroxides 
with an average diameter of 100 nm [12]. The sludge parti-
cles have an irregular shape and size and form aggregates 
of a few micrometers in size. As a result, a mesoporous 
material is obtained and the predominant pore diameter 
is ca. 6 nm [13]. The resulting sludge consists mainly of 
poorly crystalline oxyhydroxides (mainly ferrihydrite) and 
manganese oxides [13, 14]. Silica has also been found up 
to 42% [12]. In sludge formed from groundwater treat-
ment, the organic matter content is usually very low. 
Inorganic carbon hardly ever exceeds 0.7%, and organic 
carbon is only 5.3% [13]. It should also be noted that the 
sludge is only slightly polluted with hazardous substances 
[15]. This is undoubtedly related to the requirements con-
cerning protection zones surrounding the sources of water 
intended for human consumption.

Water treatment sludge has revealed particularly good 
adsorption properties with respect to a number of met-
als and metalloids including arsenic [16], thanks to the 
enhanced specific surface area comparable with the 
surface of many commercially available adsorbents. The 
specific surface area determined on the basis of the BET 
adsorption model for different GWTS (groundwater treat-
ment sludge) ranged from 120 m2/g [13] to 152 m2/g [17] 
when no reagents were used and only 55.3 m2/g [18] when 
coagulation with aluminum and iron salts was involved. 

These values do not differ significantly from the specific 
surface areas of frequently used adsorbents from the 
group of zeolites and bentonites.

The adsorption capacity and reaction kinetics are 
influenced not only by the specific surface but also by 
the chemical composition of the sludge, and its struc-
ture varies significantly depending on the sludge origin. 
GWTS contains poorly crystalline metal oxides which can 
effectively enhance sorption effectiveness. Due to the high 
content of iron oxyhydroxides, groundwater treatment 
sludge shows a high arsenic removal capacity. The  MnO2 
concentration in the sludge is favorable because it allows 
the initial oxidation of arsenic, which is usually required 
before the adsorption process [13]. As(III) is more mobile, 
toxic and difficult to remove under neutral conditions than 
As(V) [17]. It was found that the adsorption capacity of 
sludge from groundwater treatment process amounted 
to 132.17 mg As(III)/g and 76.73 mg As(V)/g and was defi-
nitely higher than other comparable materials containing 
Fe/Mn oxides [13]. Wu et al. [17] obtained significantly 
lower arsenite adsorption capacity of the sludge from 
groundwater treatment equal to 59.7 mg As(III)/g sludge. 
The arsenic adsorption capacity of sludge accumulated on 
the filter for iron and manganese removal from ground-
water has been demonstrated during the research of the 
treatment of groundwater containing elevated arsenic 
concentrations (26.6 μg/L) [19, 20]. GWTS shows also high 
sorption capacity toward such heavy metals as Cd(II), Ni(II), 
Cu(II) and Zn (II) [21–23].

At present, not all factors determining the adsorp-
tive capacity of water treatment sludge are known. The 
explanation why the adsorption capacity of sludge with 
a similar structure and chemical composition may differ 
significantly will allow for their wider use as adsorbents.

2  Methodology

2.1  Water treatment plant

The water treatment plant (WTP) has a maximum water 
production capacity of 150 000 m3/d. There are three tech-
nological lines with a maximum capacity of 50 000 m3/d 
each. The WTP is supplied with underground and infiltra-
tion waters with a different chemical composition. The 
groundwater is characterized by high hardness, high 
concentration of iron and manganese compounds dis-
solved carbonate, chloride and sulfate ions. The ground-
water is sourced from geological layers formed from dead 
plant remains, transformed by the humification process, 
whereby the captured waters contain specific dissolved 
organic matter, while the surface water contains a signifi-
cant amount of organic compounds, due to the quality of 
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the river waters. The collected waters are treated in a tech-
nological system based on aeration, first and second stage 
of rapid filtration, ozonation, and sodium hypochlorite and 
chlorine dioxide disinfection. Aeration and the concurrent 
degassing of water take place in an open system of 30 aer-
ation cascades. Some of the iron compounds that have 
been oxidized are precipitated in the form of flocs falling 
down to the bottom of the reaction chambers under the 
cascades. The chambers can also be used for pre-oxidation 
of iron and manganese compounds. Subsequently, water 
flows into the second-stage reaction chambers where 
the active carbon may be dosed in the event of a sudden 
deterioration of the raw water quality. Thereafter, water is 
directed to the first-stage filters. Each process line has 10 
filtration chambers filled with a fluid double-layer anthra-
cite–quartz filter bed, wherein the processes of iron and 
manganese removal take place. The total height of the fil-
tration bed is 1.9 m (0.4 m anthracite with grain diameter 
d = 1.4–2.5 mm and 1.5 m quartz sand, d = 0.6–1.4 mm). The 
backwashing process of the first step rapid filters is carried 
out with hydraulic losses of 160 cm. There are two stages 
of backwashing, first with air at a capacity of 60 m3/m2 h 
for 2–3 min, then with water with an intensity increasing 
from 60 to 72 m3/m2 h in winter and up to 75 m3/m2 h 
in summer. The expansion at the maximum intensity of 
backwashing is 30%. The time of this step of backwashing 
depends on the quality of the raw water and the duration 
of the filtration cycle and ranges from 8 to 10 min. The first 
filtrate is directed for further treatment [24]. The final stage 
of backwashing lasting about 2.5 min consists in a gradual 
reduction in the water flow rate to approx. 800–900 m3/h 
in order to separate the anthracite and sand layers in the 
filter bed. The average duration of the filtration cycle is 
48–120 h (2–5 days).

The second stage of water treatment is based on the 
integrated processes of filtration and ozonation through 
a biologically active carbon (BAC) filter bed. Its main pur-
pose is to remove dissolved organic matter from water 
and thereby lower the dose of disinfectants so that the 
water has a more natural flavor and odor. Ozone is pro-
duced from technical oxygen and is dosed into the water 
in a gaseous form. It oxidizes organic compounds, part 
of which becomes easily eliminated by microorganisms 
inhabiting the BAC filter. This is followed by the degas-
sing and pumping of water to carbon filters building. 
There are eight filter chambers filled with granular acti-
vated carbon per each process line, with a bed height of 
2 m each. The filtration chambers are filled with WG-12 
activated carbon (manufactured by Gryfskand Sp. z o.o., 
Hajnówka, Poland) made of low-ash coal, connected by 
a binder and activated by water vapor (iodine quantity 
1100 mg/g, methylene blue adsorption 30 g/100 g, total 
surface area 1 100 m2/g, particle size 1.5–0.75 mm). The 

maximum hydraulic load of filtration equals 9.0 m3/m2 h. 
After 24 days of operation or when the resistance rises 
to 1.5 m  H2O, the filter is backwashed with water and 
air flow providing depressurization of the filter bed by 
35–50% [25, 26].

The backwashing water is discharged via troughs with 
an inclined bottom. Neither the anthracite–quartz beds 
nor the BAC filter beds have any supporting layer. It has 
been possible to omit it thanks to the use of a modern 
panel drainage system with stainless steel caps [27].

Even when a simple, non-reagent technology of 
groundwater treatment is used, sludge is formed which, 
according to the principles of sustainable development, 
should be processed in order to be suitable for reuse.

2.2  Technological treatment process of backwash 
water from the first stage of filtration

In the process of water treatment, the backwash water 
from the first-stage filters flows to the surge tanks 
(Fig. 1a), from where it is pumped to the coagulation 
stage. The PIX 112—iron (III) sulfate (IV) coagulant is 
added to the rapid mixing chamber, coupled with two 
flocculation chambers (Fig. 1b), at an average dose of 
100 g/m3. After 30 s, the backwash mixed with the coag-
ulant flows into the slow mixing chambers. Following a 
20-min flocculation period, the backwash flows further 
to the post-coagulation settling tanks (Fig. 1c), where 
after sedimentation for 4 h the treated supernatant liq-
uid flows down by way of gravity to the receiver (the 
Mosina Canal). The sludge accumulated in the settling 
tanks is directed to sludge buffer tanks (Fig. 1d). The 
sludge buffer tanks are equipped with rod stirrers and 
provide for a possibility of supernatant drainage. The 
thickened sludge is directed to Bellmer presses (Fig. 1e) 
where cake (40% dry matter content) is produced. The 
dehydrated sludge is exported to a wastewater treat-
ment plant, where it is added to the digesters to increase 
the effectiveness of the elimination of phosphorus com-
pounds [28, 29].

In the time when WTP is supplied with raw water of 
poor quality, e.g., flood conditions, the water treatment 
process is enhanced by adsorption on powder activated 
carbon (PAC), which is dispensed into the water after 
the aeration process, into the second-stage chambers. 
In this case, the backwash water containing PAC would 
be directed first to the settling tanks for backwash water 
(Fig. 1f ) in order to separate the PAC; then, the super-
natant would flow into the treatment system. PAC was 
not used at the time when sludge was sampled for the 
purpose of the study described herein.
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2.3  Methods

Analyzes of the water quality changes during treatment 
process were done throughout the year. The water sam-
ples were delivered to accredited laboratory, and all 
parameters and contaminants concentrations were meas-
ured in accordance with standard methods. Sludge sam-
pled was derived from the treatment of backwash from 
the first-stage filters. The sludge was dried for 4–7 days at 
40 °C, grinded in a mortar and sieved using a 1-mm sieve 
to remove large particles. Then, the GWTS was subjected 
to phase analysis and its chemical composition and char-
acteristics of the porous texture were also determined. 
Sludge analyses were performed in AGH-UST laboratories.

The phase analysis was carried out using a SmartLab 
RIGAKU diffractometer using a copper X-ray tube, in the 
angular range of 2–70°2θ with a 0.05°2θ measuring step. 
To identify mineral phases, the PCPDFWIN ver. 1.30 for-
malized by JCPDS-ICDD was used. The phases were iden-
tified based on the results using the X-RAYAN computer 
software. The chemical composition of the sludge sample 
was determined by X-ray fluorescence (WD-XRF) using 
ZSX Primus II RIGAKU. Qualitative spectral analysis was 
performed by identifying spectral lines and determin-
ing their possible coincidences. Based on this, analytical 
lines were selected. The semiquantitative analysis was 
developed using the SQX calculation program. The FTIR 
analysis was carried out using the Nicolet 6700 Thermo 
Scientific spectrophotometer, using the DRIFT—Pray-
ing Mantis snap-in, with a range of 40–4000 cm−1 and a 
resolution of 4 cm−1. Preparation: powder sample mixed 
with KBr at 2% by weight relative to KBr. The characteris-
tics of the porous texture were determined on the basis 

of low-temperature adsorption and nitrogen desorption 
isotherms at − 196 °C. The analysis was carried out using 
the ASAP 2020 (Micromeritics) apparatus for precise sorp-
tion measurements in a wide range of relative pressures, 
from approximately  10−3 to 0.99. Before the measurement, 
the samples were heated under vacuum at 105 °C for 12 h.

The following parameters of the porous texture were 
calculated for the sample:

1. Specific surface area according to the Brunauer–
Emmett–Teller methodology (BET)

2. The total pore volume V0.99

tot
 for the relative pressure 

p/p0 = 0.99
3. The volume of micropores VDR

mik
 (pores with a diameter 

less than 2 nm) according to the Dubinin–Radushk-
evich method.

4. The volume of mesopores VBJH

mez
 (pores with a width 

greater than 2 nm and less than 50 nm) according to 
the Barrett–Joyner–Halenda (BJH) methodology.

2.4  Analysis of groundwater samples

The groundwater treated at the analyzed WTP during the 
research period (1 year) was characterized by iron content 
ranging from 0.64 to 6.4 mg Fe/L, the concentration of 
manganese from 0.46 to 0.79 mg Mn/L, elevated turbidity 
from 3.5 to 19 NTU and water color from 7.5 to 15 mg Pt/L. 
The content of organic compounds (TOC) was quite high, 
as evident from the following parameters: TOC from 4.4 to 
6.4 mg C/L and UV absorbance at 254 nm ranged from 58 
to 160 cm−1. The concentration of calcium ranged from 86 
to 110 mg Ca/L, of magnesium from 11 to 12 mg Mg/L and 

Fig. 1  The view of the water 
treatment plant with a 
maximum water production 
capacity of 150,000 m3/d with 
the technological process of 
backwash water treatment. 
(http://www.ptbni ckel.pl/asset 
s/Uploa ds/reali zacje /budow 
nictw o-uzyte cznos ci-publi 
cznej )

http://www.ptbnickel.pl/assets/Uploads/realizacje/budownictwo-uzytecznosci-publicznej
http://www.ptbnickel.pl/assets/Uploads/realizacje/budownictwo-uzytecznosci-publicznej
http://www.ptbnickel.pl/assets/Uploads/realizacje/budownictwo-uzytecznosci-publicznej
http://www.ptbnickel.pl/assets/Uploads/realizacje/budownictwo-uzytecznosci-publicznej
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of sodium from 24 to 29 mg Na/L. Selected parameters of 
the raw water are presented in Table 1.

3  Results and discussion

Treated water during the research period was character-
ized by low iron concentration from 0.0 to 0.021 mg Fe/L, 
manganese concentration from 0.0 to 0.014 mg Mn/L, 

turbidity from 0.13 to 0.58 NTU and water color from 0 
to 5 mg Pt/L. The content of organic compounds (TOC) 
ranged from 3.5 to 5.2  mg C/L and UV absorbance at 
254 nm from 5.7 to 9.7 m−1. Selected parameters of the 
treated water are presented in Table 2. Treated water ful-
filled the requirements for the quality of drinking water 
[30, 31].

Because usually the backwashing water is discharged to 
the settling tanks, where the accumulated contaminants 

Table 1  Selected raw water 
parameters

Parameter Unit Number of 
analyses

Raw water

Min Max Average SD

Color mg Pt/L 50 7.5 15.0 10.95 2.57
Turbidity NTU 50 3.5 19.0 8.67 3.14
pH – 50 7.2 7.6 7.37 0.08
Iron mg/L 50 0.64 6.4 1.56 0.97
Manganese mg/L 46 0.46 0.79 0.61 0.09
Total organic carbon mg C/L 50 4.4 6.4 4.97 0.48
Absorbance at 254 nm cm−1 50 58 160 127.4 1.09
Copper µg/L 4 0.69 1.2 0.91 0.23
Magnesium mg/L 4 11 12 11.5 0.58
Sodium mg/L 4 24 29 25.75 2.36
Calcium mg/L 4 86 110 93.75 10.97
Nickel µg/L 4 1.7 2.3 2.1 0.29
Lead µg/L 4 0.0 0.05 0.038 0.02
Cadmium µg/L 4 0.0 0.01 0.002 0.005
Silver µg/L 4 0.0 0.06 0.015 0.03
Arsenic µg/L 4 1.5 2.9 2.3 0.6
Vanadium µg/L 4 0.5 0.54 0.52 0.02
Zinc µg/L 4 1.2 5.2 2.9 1.8
Chromium µg/L 4 0.0 1.0 0.048 0.06

Table 2  Selected treated water 
parameters

Parameter Unit Number of 
analyses

Treated water

Min Max Average SD

Color mg Pt/L 201 0.0 5 1.41 1.36
Turbidity NTU 201 0.13 0.58 0.28 0.08
pH – 201 7.1 7.8 7.44 0.09
Iron mg/L 51 0.0 0.021 0.009 0.005
Manganese mg/L 47 0.0 0.014 0.005 0.002
Total organic carbon mg C/L 51 3.5 5.2 4.22 0.35
Absorbance at 254 nm cm−1 51 57 97 73.3 8.1
Copper µg/L 4 1.6 3.4 2.8 0.8
Magnesium mg/L 4 10 12 11.25 0.95
Sodium mg/L 4 23 30 26.25 2.97
Nickel µg/L 4 1.0 1.5 1.2 0.2
Lead µg/L 4 0.0 0.19 0.098 0.08
Silver µg/L 4 0.0 0.17 0.043 0.09
Arsenic µg/L 4 0.0 1.0 0.89 0.09
Chromium µg/L 4 0.0 0.1 0.038 0.05
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sediment without any additional reagents, the quality of 
the so-formed sediments (WTS) depends mainly on the 
chemical composition of the raw water and/or methods 
and materials used for water treatment.

In the backwash water from the analyzed WTP, the 
concentration of iron, manganese and suspended matter 
as well as turbidity and color varied, respectively, in the 
range: 84–258 mg Fe/L, 1.7–5.6 mg Mn/L, 190–600 mg 
of dry matter/L, 437-1093 NTU and 1000–1700 mg Pt/L 
[32]. Such values are typical for backwashing water from 
deironing and demanganizing filters [33]. In addition to 
the composition of backwash, the sludge quality is also 
influenced by its treatment technology. The addition of 
a coagulation process in this case (PIX 112 dosing) could 
result in the presence of residual coagulant in the sludge 
and precipitation of contaminants dissolved in the back-
wash water. The characteristics of such sludge may be dif-
ferent compared to typical GWTS formed only as a result 
of suspended solids sedimentation.

The phase analysis of the sludge sampled from the 
GWTP under review using the XRD method resulted in 
the identification of the main mineral phases (Fig. 2). The 
predominant phase was poorly crystalline ferrihydrite 
 Fe2O3·5H2O, the presence of which was confirmed by 
two fuzzy diffraction peaks with maxima of about 2.5–2.6 
and 1.5 Å [34]. The sample also contained smaller quanti-
ties of quartz and calcite, as well as feldspar. The raising 
background pattern of the diffractogram indicates the 
presence of a large number of substances, probably iron 
compounds, with a low degree of structure order. Other 
research also confirmed that iron compounds exist mainly 
in amorphous forms [13, 35, 36].

The phase composition of sludge was confirmed by XRF 
analysis. Iron oxides are the predominant chemical com-
ponents of the sludge sample from the analyzed GWTP 
(over 43%). Silica (7.2%), manganese oxides (3.11%), cal-
cium oxide (3.93%) and phosphorus oxide (4.02%) are also 
found. Hence, it is obvious that the chemical composition 
of sediments is closely related to the composition of raw 
water and the method of water treatment. Loss of ignition 
amounts to 36.87%. The detailed composition of the GWTS 
is shown in Table 3. 

The FTIR spectra are shown in Fig. 3. The wide band at 
3417 cm−1 was assigned to stretching vibrations of the 
hydroxyl groups [21, 37]. The weak band at 1630 cm−1 
was attributed to  H2O bending vibrations [13]. The bands 
at 1584 and 1390 cm−1 were assigned to adsorbed car-
bonates. The broad peak at 1000 cm−1 with a shoulder at 
1095 cm−1 is the result of the formation of the binuclear 
complex between ferrihydrite and sulfate [38, 39]. The last 

Fig. 2  X-ray diffraction pattern

Table 3  Chemical composition of the sludge

LOI loss of ignition, measured at 950 °C

Chemical composi-
tion

wt% Chemical composi-
tion

wt%

SiO2 7.20 BaO 0.16
TiO2 0.14 K2O 0.08
MnO 3.11 Na2O 0.05
Al2O3 0.21 SO3 0.42
Fe2O3 43.65 SrO 0.02
CaO 3.94 P2O5 4.03
MgO 0.12 LOI* 36.87
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strong band at the wave number 450 cm−1 with a shoul-
der at 650 cm−1 corresponds to Mn–O or Fe–O stretching 
vibrations [13, 37].

Table 4 presents the textural parameters of the sludge. 
The specific surface area of the water treatment sludge 
from the GWTP under review calculated using the BET 
method is 145 m2/g, which is comparable with the spe-
cific surface area of natural and synthetic zeolites used 
for sorption processes. According to Bandura et al. [40], 
the specific surface areas of clinoptilolite and the com-
mercial product Damolin reached about 20 m2/g, respec-
tively, while higher values were obtained in synthetic 
zeolites (Table 5). The surface areas of the two benton-
ites were about 50 m2/g. The surface area of activated 
carbon is, however, significantly larger. The specific sur-
face area of other adsorbents obtained from industrial 
waste from the production of aluminum which contains 

iron oxyhydroxides (so-called red mud) is comparable to 
that of wastewater treatment sludge. 

The share of each class of pores throughout the 
whole pore volume was as follows: share of micropo-
res—27.7%, share of mesopores—59.2% and share of 
macropores—13.1%. The predominance of mesopores in 
the analyzed sludge sample is confirmed by the nitrogen 
adsorption and desorption isotherm (Fig. 4). Adsorption 
isotherms can be classified as type I (the so-called Lang-
muir isotherm) with H3 or H2/H3 hysteresis. Adsorption 
increases in the range of medium concentrations which 
indicates pore distribution (mesopores prevail).

Fig. 3  FTIR spectrum

Table 4  Textural parameters of the sludge from the analyzed WTP

Specific surface SBET  (m2/g) 145
Total volume of pores V

0.99

tot
  (cm3/g) 0.191

Total volume of micropores V
DR

mik
  (cm3/g) 0.053

Share of micropores V
DR

mik
∕V0.99

tot
0.277

Total volume of mesopores V
DR

mik
∕V0.99

tot
  (cm3/g) 0.113

Share of mesopores V
BJH

mez
∕V0.99

tot
0.592

Total volume of macropores Vmak  (cm3/g) 0.025
Share of macropores V

BJH

mak
∕V0.99

tot
0.131

Table 5  Comparison of the specific surface area of different sorb-
ents

Sorbent Specific surface area 
 (m2/g)

References

GWTS 145 This study
Clinoptilolite 18.3 [40]
Damolin 24.1 [40]
Na-P1 74.91 [41]
Na-X 282.6 [42]
Bentonite 45.2 [43]
Bentonite 58.5 [43]
Activated carbon 1.360–2.010 [44]
Red mud 58–108 [45]
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Some of the sludge properties, such as the specific sur-
face area, textural parameters and chemical composition, 
influence the sorption capability. The sludge exhibited a 
wide range of specific surface area values which depend 
on different factors. Particle size is particularly significant 
in the case of the specific surface area. Caporale et al. [46] 
have noticed that decreasing the WTS particle sizes from 
1000 to 590 µm fraction to below 125 µm increased the 
surface area of sludge by almost 80% in the case of Fe-
WTS. Residuals from groundwater treatment displayed 
similar values of surface area: 120–170 m2/g (Table 6).

The structure and chemical composition of the GWTS, 
especially the metal oxide concentration, provide accept-
able sorption properties, because of the heterogeneous 
particles with irregular shapes and varying pore diameters. 
Another factor of key importance is the high content of 
amorphous oxides in the sludge which increase sorption 
capabilities in comparison with materials composed of 
more crystalline forms [47].

4  Summary

Even when a simple, non-reagent technology of ground-
water treatment is used, sludge is formed which, accord-
ing to the principles of sustainable development, should 
be processed in order to be suitable for reuse. The qual-
ity, quantity, chemical composition and texture charac-
teristics of the porous sludge formed during water pro-
duction depend primarily on the quality parameters of 
raw water and the processes used in its treatment tech-
nology. The impact of the backwashing process technol-
ogy is also very important.

The chemical composition of the sludge sample from 
the analyzed WTP depends on the quality of raw water 
and water treatment technology. Due to the fact that iron 
compounds are the main contamination of treated water, 
iron oxide is the predominant component of that sample 
(over 43%). The specific surface area of examined sludge 

Fig. 4  Isotherms of  N2 adsorp-
tion and desorption at − 196 °C

Table 6  Comparison of particle 
sizes and specific surface 
areas of GWTS in no-reagent 
processes

a Application of a coagulant (PIX 112) for sludge management

Water origin Water treatment process Particle size Specific surface 
area  (m2/g)

pH References

Groundwater No reagents < 1 mm 120 – [13]
No reagents < 60 µm 152 7.0 [17]
No reagents < 1 mm 170 – [14]
No  reagentsa < 1 mm 145 – This study
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is 145 m2/g, which is comparable with the specific surface 
area of natural and synthetic zeolites used for sorption 
processes. The presence of amorphous iron oxide can be 
an important factor for the sorption processes.

Application of waste material such as GWTS for sorp-
tion processes could be a good and effective sludge man-
agement method. However, more research dealing with 
sorption mechanism and desorption process needs to be 
conducted as well as sorption experiments of mixtures of 
selected compounds have to be investigated.
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