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a b s t r a c t
This paper presents a scalable method for the conversion of iron-based sludge obtained as a 
side-product of wastewater treatment technology into a readily applicable adsorbent for toxic 
ions removal from aqueous environments. In the first step, iron-based sludge was prepared with 
a neutralized acidic iron(III) sulfate solution which was added into industrial wastewater. After 
dehydration, a sample was calcinated at 500°C. The prepared magnetic material contained approx
imately 50% iron in a form of nanocrystalline maghemite/magnetite composite mixture. scanning 
electron microscopy and Brunauer–Emmett–Teller measurements showed that the material was 
composed of micrometric agglomerates of non-porous nanocrystallites with a specific surface area 
of 66 m2/g. This iron-based sludge adsorbent was used for real wastewater treatment. Despite the 
quantity of competitive toxic ions present, approximately 50% of the present arsenate oxyanion 
could be removed without previous wastewater pre-treatment. Compared to the real water sam
ple, maximum uptake of As(V) from the model solution was ca 23% higher. The rate of adsorption 
was also comparably higher for the model solution with k = 0.273 g/mg/min.

Keywords:  Wastewater treatment; Sludge processing; Iron-based adsorbent; Maghemite/magnetite 
composite; Toxic ions removal

1. Introduction

Iron-based materials, particularly in the form of nano-
particles, have been studied for years due to their excel
lent sorption properties. For example, naturally occurring 
iron oxides, for example, hematite (α-Fe2O3), maghemite 
(γ-Fe2O3), and magnetite (Fe3O4) have recently been gain
ing attention [1]. Not only do their nanoparticles possess a 

high surface area, but they also represent a low-cost alter
native to many other available sorbents on the market. In 
addition, they can easily be separated from the water after 
the sorption process using magnets. Until now, many syn
thetic methods have successfully been used to synthesize 
nanoparticles of iron oxides for water treatment.

For example, Hu et al. [2] synthesized γ-Fe2O3 nano
particles with a specific surface area of 198 m2/g and an 
average particle size of 10 nm via hydrothermal route. 
They demonstrated fast kinetics of Pb(II), Ni(II) ions removal 
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with high sorption capacity. A similar study was carried out 
by Cheng et al. [3] with maghemite nanoparticles prepared 
by co-precipitation and calcination at 650°C with a slightly 
larger diameter of approximately 60 nm. Biochar/γ-Fe2O3 
composite prepared by pyrolysis was reported by Zhang 
et al. [4] with the arsenic sorption capacity of 4.2 mg/g. In 
comparison to the study of Wu et al. [5] where nanocrys
talline γ-Fe2O3 has been encapsulated in a mesoporous 
carbon matrix also by pyrolysis, a much lower sorption 
capacity was achieved. Surprisingly, even higher arsenic 
sorption capacity was found for solvothermally prepared 
flower-like α-Fe2O3 nanoparticles with a specific surface 
of 130 m2/g (up to 51 mg/g for As(V)) [6]. Thus, it can be 
concluded that in addition to the specific surface area, the 
morphology of the prepared sorbent particles plays a key 
role as well. Several attempts have also been made on the 
utilization of ferrites MIIFe2O4 (MII = Fe, Mn, Cu, Co, Ni, and 
Zn) as heavy metal removers [7]. Mixed-valence oxides were 
prepared by co-precipitation of corresponding metal salts 
with subsequent calcination at 400°C. Overall, high sorption 
capacity mainly for Cr(VI) species was observed through the 
whole series. Whereas the commercially available FeIIFeIII

2O4 
(magnetite) nanoparticles do not exhibit any extraordinary 
sorption properties [8,9], magnetite nanoparticles coated 
with humic acid, which were prepared by co-precipitation 
method, showed sorption capacities up to 100 mg/g for 
selected metals [10]. Even higher arsenic (248 mg/g) uptake 
was achieved using starch-bridged magnetite nanoparti
cles prepared in the same way [11]. Unfortunately, in many 
cases an in-depth analysis of the materials not reported 
and the economic aspect of the syntheses is not considered. 
Additionally, several problems connected with nanoparti
cles utilization must be addressed in respect to their large-
scale deployment:

• impact of the nanoparticles on human health has not 
been investigated in detail yet [12],

• nanoparticles stabilization is required in order to main
tain a high surface area (additional reactants or synthesis 
steps needed),

• up-scaling of multi-step nanoparticles synthesis may be 
technologically challenging [13].

In spite of this, and the current global trend to establish 
a regenerative system, also known as a circular economy, we 
have proposed a simple and technologically achievable pro
cess of iron-based sludge recycling from wastewater treat
ment technology. The resulting nanocrystalline composite 
material was tested for its adsorption properties of As(V) 
from aqueous environments and the results are outlined 
below.

2. Experimental

2.1. Material

The iron-based sludge was formed as a by-product of 
industrial wastewater treatment technology for adsorbable 
organic halides (AOX) removal applied in a textile factory 
located in the Czech Republic. The process of water treatment 
is schematically depicted in Fig. 1 and can be described as 
follows:

• In the first step, anionic surfactants SYNTEFIX TE along 
with iron(III) sulfate reagents (PREFLOC) were pumped 
into the tanks containing industrial wastewater.

• The pH value was then adjusted up to 6–7 by the addition 
of Ca(OH)2 water suspension by constant stirring.

• The mixture containing precipitated sludge was trans
ferred to a sedimentation tank. For the better settlement 
of the precipitate, a flocculant (SOKOFLOK brand) was 
added as a 0.1% solution.

• The sludge was then filter pressed to obtain a solid prod
uct in the form of dark brown pellets.

The pellets were crushed with a mortar, and a sieved 
fraction of particles (<1 mm) was annealed for a different time 
and temperature in corundum crucibles. After annealing, the 
material was further milled for 10 min using a vibratory ball 
mill (Janetzki-KM1, Poland), equipped with an agate mortar 

Fig. 1. Schematic representation of water treatment technology and processing of the iron-based sludge.
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and one milling ball to increase its homogeneity. The selected 
sample, annealed at 500°C for 180 min (denoted as IBA500), 
was characterized in detail and used for adsorption tests.

2.2. Characterization

2.2.1. X-ray diffractometry

The X-ray powder diffraction patterns were collected by 
a Philips PW1820 automated powder diffractometer with 
Bragg–Brentano parafocusing geometry using CoKα radi
ation (40 kV, 35 mA) equipped with automatic divergent 
slit and curved graphite monochromator placed in the dif
fracted beam. Each pattern was measured over the 2θ range 
of 15°–80° with a step size of 0.03° and a counting time 2 s 
per step at room temperature. Samples of iron-based sludge 
were first ground using an agate mortar and pestle and 
were then added to a Si zero-background sample holder. 
Phase identification was performed using Match! software, 
with a complete COD reference database package.

2.2.2. X-ray fluorescence spectrophotometry

Portable X-ray fluorescence (XRF) spectrometer DELTA 
PROFESSIONAL (Innov-X, Canada) was used for on-site 
analysis and sludge classification. Two energetically dif
ferent exciting beams (40 eV for 60 s, 15 eV for 30 s) were 
used for analysis, primarily for determination of the follow
ing elements: P, S, Cl, K, Ca, Ti, Mn, Fe, and Sb. The results 
were used for the evaluation of elemental composition, 
focusing on the iron content in pressed sludge.

2.2.3. Scanning electron microscopy

The morphology of the surface was observed by a 
field-emission scanning electron microscopy (FE-SEM) of 
type TESCAN MIRA 3 (Tescan, Czech Republic) equipped 
with the energy dispersive X-ray (EDX) detector (Oxford 
Instruments).

2.2.4. Specific surface area measurements

An additional method for the particle size determina
tion, the surface and porous properties of the IBA500 sam
ple, were studied by physical adsorption of nitrogen per
formed by the NOVA 1200 apparatus (Quantachrome, USA) 
at 77 K. Before the measurement, the sample was activated 
in vacuum at 200°C over 18 h. The experimental data were 
processed by the BET (Brunauer–Emmett–Teller) isotherm 
in the range of relative pressure 0.05–0.2 p/p0 to obtain the 
value of the specific surface area. The value of total pore 
volume Va was estimated from the maximum adsorption 
at relative pressure close to the saturation pressure. The 
pore size distribution was calculated using the BJH (Barret–
Joyner–Hallenda) method from the desorption isotherm.

2.2.5. Thermal analysis

Thermal stability of the pellets dried at 70°C for 24 h 
was carried out using an STA 449 Jupiter thermal analyzer 
(Netzsch, Germany). Approximately 85 mg of the sample 

was placed into an Al2O3 crucible and heated from 70°C to 
900°C with a rate of 30°C/min in air atmosphere.

2.2.6. Zeta potential analyses

Zeta Potential (ZP) was measured using a Zetasizer 
Nano ZS (Malvern Panalytical Ltd., United Kingdom). The 
Zetasizer Nano measures the electrophoretic mobility of 
particles. Malvern Zetasizer software was used for evaluation. 
The data for electrophoretic mobility were converted into the 
zeta potential using Henry’s equation and Smoluchowski 
approximation. Smoluchovski approximation is valid 
for polar media and particles >200 nm. Sample ZP (concen
tration of 2 g/L) was measured in deionized water within 
various pH ranges, adjusted by the addition of 1 M NaOH 
or HNO3. The measurements were repeated three times.

2.2.7. ICP-AES measurements

The levels of selected metals in the real water sample 
were determined to utilize ICP-OES spectrometer iCAP 
7400 D (Thermo Scientific, Germany) equipped with a 
CID86 detector. The instrument was calibrated on the cer
tified reference material AN 9090(MN), representing a mix
ture of metal ions stabilized in 5% HNO3 (v/v). For experi
ments performed with model solutions, the levels of toxic 
elements before and after the adsorption were determined 
by atomic absorption spectroscopy (AAS) using spectrome
ter 240 RS/2400 (Varian, Australia).

2.3. Adsorption tests

The adsorption tests were performed with real waste-
water (pH = 7.50, conductivity = 1,205 μS/cm) obtained 
from an abandoned mining site near the city Pezinok in 
Slovakia. It is well-known that the input concentration of 
As(V) in real wastewater may be dependent on the time 
of the sampling, therefore fresh wastewater was used for 
each experiment. The concentration ranged from approxi
mately 800 up to 1,100 μg/L. The amounts of other detected 
metals by ICP-AES analysis are listed in Table 1.

Table 1
Composition of the real wastewater obtained from the abandoned 
mining site near the city Pezinok in Slovakia

Element Concentration (μg/L) Parameter Value

As 880 pH 7.50
Ca 186,000 Conductivity 1,205 μS/cm
Cd 7.21 Cl– 22 mg/L
Cu 4.34 F– 0.2 mg/L
K 5,170 HCO3

– 226 mg/L
Mg 74,200 NH4

+ 0.48 mg/L
Mn 302 NO2

– 0.12 mg/L
Na 19,300 NO3

– <3 mg/L
Ni 26 PO4

3– 0.23 mg/L
Sb 455 SO4

2– 584 mg/L
Zn 8.50 COD-Mn 1.27 mg/L
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To compare the adsorption effect of the IBA500 sample 
towards the As(V) without other influences (ionic strength, 
competitive ions, selectivity toward other elements, which 
are present in the real wastewater), the model solution 
was also studied. A model solution of As(V) was prepared 
from Na2HAsO4 (per analysis quality) and deionized water, 
in the concentration of 1 mg As(V)/L.

The influence of pH, adsorbent dose, and contact time on 
the adsorption properties was studied. The pH of the solu
tion was treated by diluted HNO3 and NaOH to be 5 and 7. 
The adsorption experiments were performed as batch tests. 
Suspensions of the real wastewater/model solution and the 
dosed adsorbent were shaken in a rotary shaker in glass 
bottles at laboratory temperature (20°C).

All adsorption experiments were duplicated. The prod
ucts were separated by filtration and the filtrates were 
analyzed for residual As(V) content by AAS.

3. Results and discussion

3.1. Material characterization and processing

In order to evaluate the elemental composition of a fresh, 
pressed sludge, on-site XRF measurements were carried out 
and the results for selected elements are shown in Table 2.

The amount of iron for each sample varied approxi
mately 20%–22% and its value was only affected by the 
addition of a Ca(OH)2 suspension, necessary for pH value 

adjustment during the operation. Among other dmetal ele
ments, significant amounts of titanium were found. That 
is attributed as an impurity originating from the industrial 
production of iron(III) sulfate reagent. Antimony, as the only 
toxic element, was also detected in treated wastewater and 
may represent a potential drawback of material implemen
tation under highly acidic/basic conditions, where soluble 
antimony species exist. Relatively high content of some non- 
metallic elements (P, S, and Cl) may have been caused by 
the following:

• sulfate ions from Fe2(SO4)3 which are precipitated upon 
neutralization in the form of gypsum,

• adsorbed organic compounds from treated wastewater 
(chlorine atoms possibly from AOX),

• impurity salts found in an industrial iron(III) sulfate 
reagent.

Thermal behavior of dried sludge pellets illustrates 
Fig. 2a. Due to the complexity of the studied system and high 
heating rate, not all processes can be clearly resolved from 
the provided TG/DTG curves. In lower temperatures range 
(25°C–500°C), removal of adsorbed moisture and chemi
cally bonded water molecules might be observed. These are 
found mostly in polyhydroxo complexes of iron and calcium 
sulfate dihydrate, formed upon neutralization of acidic sul
fate solution. In this temperature range, significant mass 
loss (ca 45%) is observed. Such a reduction in total mass 

Table 2
Amounts of selected elements determined by on-site XRF measurement

Sample Element – ppm (ug/g)

P S Cl K Ca Ti Mn Fe Sb ∑C, H, N, O

No. 1 2,549 6,025 2,365 1,445 454 1,601 318 219,196 379 xxx
No. 2 2,345 5,925 1,970 1,357 <LOD 1,590 299 208,222 334 xxx
No. 3 2,646 6,484 1,703 1,240 831 1,598 318 225,290 352 xxx
No. 4 2,797 7,248 1,731 1,258 489 1,726 310 218,626 456 xxx
Average 2,584 6,421 1,942 1,325 366 1,629 311 217,834 380 xxx
Percentage 0.26% 0.64% 0.19% 0.13% 0.03% 0.16% 0.03% 21.70% 0.04% 76.82%

Fig. 2. TA/DTG curves of iron sludge (a) and IR spectra corresponding to marked points on TG curve (b).
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must be unambiguously connected with the decomposition 
of organic compounds present in all samples (please refer to 
infrared spectra).

High temperatures (above 500°C) show only one signif
icant mass loss at approximately 860°C which is assumed to 
be connected with the decomposition of calcium carbonate 
possibly present in industrial Ca(OH)2. The presence of CO3

2– 
anion can be detected by infrared spectroscopy, Fig. 2b. The 
sharp absorption peak at ca 875 1/cm should correspond to 
one of the vibration modes of this anion and it is not pres
ent in the sample annealed at 900°C. From the given data, 
it can be concluded that temperatures above 400°C–500°C 
are sufficient for the processing of the studied sludge. 

According to the findings from the thermal analysis, the 
sludge was annealed at different temperatures for various 
times. Qualitative phase analyses of these samples were 
performed. The patterns were mostly dominated by anhy
drous iron oxides (maghemite γ-Fe2O3, magnetite Fe3O4, and 
hematite α-Fe2O3). All samples contained approximately 
the same amount of anhydrite CaSO4 (ca. 13%). Several 
weak reflections in these patterns remained unidentified. 
In addition, a semiquantitative phase analysis was accom
plished to evaluate the influence of various temperatures 
on different iron oxide phases and their crystallinity. 
The sample annealed for 180 min at 500°C contained over 
half the amount of maghemite and the remainder was mag
netite, anhydrite, and a minor amount of hematite (<3 wt.%). 
After 90 min annealing at 700°C, the sample contained about 
the same amount of maghemite and hematite (each ca. 30%) 
and the rest contained magnetite with anhydrite. Finally, the 
last sample annealed for 60 min at 900°C contained about 
75 wt.% of hematite and the remainder was anhydrite with 
a minor amount of magnetite. This evolution is in accor
dance with the stability of iron oxides in the air. Increasing 
the temperature led to a continuous transformation of 
maghemite to the hematite phase. Higher crystallinity is 
achieved at high temperatures which, however negatively 
affects the adsorption properties. Thus, the nanocrystalline 
sample containing the highest amount of maghemite phase 
(annealed for 180 min at 500°C, further denoted as IBA500), 
was chosen for further characterization and adsorption tests. 
Due to a high content of maghemite, this sample showed 
weak magnetic properties (which were not the point of 
the study) and should be later used for its separation from 
the medium or fixation in filtration columns.

The ratio of P, S, and Cl to the iron content in samples 
annealed at 500°C for 180 min seem to be constant, thus the 
inorganic character of these elements is favored. In annealed 
samples, however, a rapid increase in calcium content was 
observed. As the sludge sampling was performed over 
the interval of several workdays, this is mostly affected by 
unpredicted changes in pH value of treated wastewater. 
Comparing the results for annealed and non-annealed sam
ples (compare Tables 2 and 3), the total mass loss during 
annealing represents approximately 60%–65%, which corre
sponds to the sum of light elements; except for oxygen.

Table 3
Amounts of selected elements determined by XRF measurement performed on the IBA500 sample

Sample Element – ppm (ug/g)

P S Cl K Ca Ti Mn Fe* Sb ∑O

No. 1 7,358 18,693 3,139 2,759 38,952 3,570 878 553,000 1,441 xxx
No. 2 8,735 22,321 4,088 2,917 46,084 4,459 1,047 542,000 1,680 xxx
No 3 8,408 22,287 4,012 3,191 45,051 4,195 1,001 543,000 1,386 xxx
No. 4 8,213 22,344 4,365 3,149 44,175 4,214 998 498,000 1,370 xxx
Average 8,178 21,411 3,901 3,004 43,565 4,110 981 534,000 1,469 xxx
Percentage 0.81% 2.10% 0.39% 0.30% 4.36% 0.41% 0.10% 53.40% 0.15% 37.98%

*The amount of iron in the annealed samples was determined by EDX analysis due to the limitation of XRF spectrophotometer.

Fig. 3. XRD patterns of the dried sludge annealed at different 
temperature for various times.
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Detailed morphology of the IBA500 sample observed by 
SEM is presented in Fig. 4a. The point, as well as mapping 
mode of the EDX analysis, confirmed the high amount of iron 
and oxygen, Fig. 4b, what pointed at the presence of predom
inant content of iron oxides/hydroxides, observed in the form 
of agglomerated particles creating bigger shapes with differ
ent dimensions. Feasibly, from further nitrogen adsorption 
analysis, it can be assumed that the iron oxides are approxi
mately spherical particles of nanometer sizes.

The measured adsorption/desorption isotherm is pre
sented in Fig. 5a. The adsorbed gas volume increased mod
erately, up to relative pressure p/p0 = 0.7, then higher uptake 

was observed. The hysteresis loop between the adsorption 
and desorption branch is similar to the type H1, accord
ing to the IUPAC report [14], which is typical for materi
als with a tendency to create agglomerates. In general, the 
hysteresis loop is associated with the presence of meso
pores (pores with the diameter in the range 2–50 nm) in 
the studied structure. Whereas the iron oxide particles are 
non-porous and have the tendency to create agglomerates, 
the presence of a hysteresis loop pointed to the mesopore 
structure forming between the particles, in the interparti
cle space. The textural parameters of the studied sample 
are given in Table 4. The value of the specific surface area 
of the sorbent material, SBET = 66 m2/g, is only a bit lower 
than the values published for the synthetic nano-sized iron 
oxides (maghemite, magnetite), Table 5. This difference is 
due to the presence of other compounds in the industrial 
sample with a lower specific surface area. This fact corre
sponds, with the result of the XRD analysis and confirms 
the presence of the mentioned predominated iron oxide 
phases in the sample. The pore size distribution curve (Fig. 

Fig. 4. Morphology and composition of the IBA500 sample studied by SEM (a) and EDX analysis (b).

Fig. 5. Nitrogen adsorption isotherms of the IBA500 sample (a) and pore size distribution curves (b)

Table 4
Textural parameters of studied adsorbent

Sample SBET [m2/g] Va [cm3/g] Vmicro [cm3/g] St [m2/g]

IBA500 66 0.1761 0.0026 59.6
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5b) showed a broader peak in the range of smaller up to 
larger mesopores, from 4.8 to 30 nm, with a maximum at 
12.2 nm. Additionally, larger pores should be expected. A 
value of total pore volume Va = 0.1761 cm3/g was obtained 
for this material. Considering the shape of the diffrac
tion lines of the reflections of the sample heated at 500°C 
and the pore size distribution of this sample, the nano
sized iron oxides particles should be present. The sorbent 
sample did not contain micropores (pores with width up 
to 2 nm). Its calculated value, Vmicro = 0.0026 cm3/g, was 
below the determination limit of the volume of micropores.

The physical characteristics of the adsorbent material 
and its chemical stability in various environments are cru
cial aspects for its possible large-scale application. While the 
iron oxides represent stable phases, which are slowly etched 
only in highly acidic conditions, the antimony present in the 
samples can be leached in both acidic and basic conditions. 
The leaching of metals into treated water during adsorp
tion process is an unwanted phenomenon. The current 
allowable level of antimony in drinking water (according to 
the WHO) is set to 5 μg/L. To test stability, the adsorbent 
material was placed into different solutions of hydrochlo
ric acid and sodium hydroxide for 8 h. It can be seen from 
the data given in Table 6 that antimony leached out from 
the adsorbent and its contents exceed limit values at the 
extreme points. On the other hand, high levels of iron rep
resent a risk as well. In highly acidic conditions, the adsor
bent materials deteriorate quickly, so the adsorbent cannot 
be used repeatedly.

3.2. Adsorption tests

3.2.1. Zeta potential and effect of pH on adsorption properties

Fig. 6 shows the zeta potential of the studied adsor
bent. The sample had a negative charge in the whole stud
ied pH range and did not reach the point of zero charges. 
Generally, the synthetic iron oxides like magnetite or 
maghemite show one or two isoelectric points (IEP). The 
studied adsorbent material was prepared by thermal pro
cessing of the sludge obtained as a by-product of water 
treatment technology. Treated wastewater contained a 
significant amount of organic contaminants so that their 
residue in the material could affect the surface charge. The 
zeta potential was negative in the whole studied pH range 
and no IEP was observed. Since the entire charge of the 
composite is negative, maghemite/magnetite represents 
positively charged sites in the composite. These parts can 
interact with anionic species (e.g., arsenic oxyanions). 
According to the measured data, the adsorbent material 
should be slightly more effective in the suspensions of  
pH up to 7.

The pH of the solution influences the adsorption of 
toxic elements by adsorbents. The As(V) anions are pres
ent in aqueous solution in different forms depending on 
the pH of the solution. The pH value can also affect the 
degree of ionization of functional groups, the surface 
charge of the adsorbent, and the interaction between the 
ions and adsorbent. Compared to the model solution, the 
uptake of As(V) from the real wastewater showed different 
pH dependence. The adsorbent was shaken in the suspen
sions for 24 h to reach adsorption equilibrium. For the 
waste water, the amount of adsorbed As(V) decreased with 
the increasing pH. For the model solutions, the adsorption 
effect was almost equal to pH 5 and 7 (Fig. 7). Comparing 
the real wastewater and the model solution, the value of 
adsorption capacity 700 and 860 μg/g was obtained at pH 
7, respectively. Because the pH value of the real wastewa
ter was about 7, further experiments (effect of adsorbent 
dosage and kinetic study) were performed without pH  
pre-treatment.

Table 5
Comparison of the values of specific surface area for synthetized 
iron oxides

Material SBET [m2/g] Reference

Maghemite 81 [15]
Iron oxide 85 80 [16]
Iron oxide 20 76 [16]
Hydrophilic magnetite nanoparticles 72 [17]
Iron oxide pure 66 [18]
Freeze-dried maghemite 178 [19]
Magnetite nanoparticles 92 [20]
IBA500 66 In this study

Fig. 6. Zeta potential of IBA500 sample at different pH values.

Table 6
Leaching of iron and antimony into aqueous environment 
(different pH conditions) from IBA500 sample

Reagent CFe (μg/L) Fe CSb (μg/L) Sb

1 M HCl 21,300 30.32% 43.1 5.74%
0.1 M HCl 2,430 3.46% <LOD –
0.01 M HCl 935 0.90% <LOD –
Tap water <LOD – <LOD –
0.01 M NaOH <LOD – 16.8 2.24%
0.1 M NaOH <LOD – 21.4 2.85%
1 M NaOH 150 0.21% 23.5 3.13%
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3.2.2. Effect of adsorbent dosage

Fig. 8 shows the effect of various adsorbent loads on the 
As(V) removal from the real wastewater as well as from the 
model solution. The removal effect increased with increas
ing adsorbent dosage. The higher amount of As(V) was 
removed from the model solutions. Probably, the pres
ence of other competitive ions (especially Cu, Ni, and Cd) 

in the wastewater may have influenced the As(V) adsorp
tion. The differences between the adsorbed amounts were 
lower by increasing the adsorbent dosage.

3.2.3. Adsorption kinetics

The kinetics of As(V) adsorption were studied during 
480 min. The uptake was analyzed in six different time 
intervals. Higher As(V) uptake was observed for the model 
solution compared to the wastewater. The equilibrium 
was reached at about 8 h of adsorption, Fig. 9. To analyze 
the kinetics of adsorption, the pseudo-second-order model 
was used to interpret the experimental data, Eq. (1):

t
q kq q

t
t e e

= +
1 1
2  (1)

where qe and qt are the amounts of metal ions adsorbed 
per unit mass (mg/g) at equilibrium and at any time t,  
respectively, k is the rate constant for the adsorption 
process (g/mg/min) [21].

The plots of the applied model to the experimental data 
are shown in Fig. 10. The kinetic parameters are given in 
Table 7. The results indicate that the sorption is governed 
by the pseudo-second-order reaction and the rate-limiting 
step may be chemical adsorption. The calculated value of 
the adsorbed amount at equilibrium was slightly higher for 
the adsorption from the model solution. The studied adsor
bent removed approximately 50% of arsenate present in the 
wastewater. Based on the obtained results it can be concluded 
that iron-sludge material should be a convenient adsorbent 
for wastewater treatment.

4. Conclusion

The studied sorbent material was prepared from the 
iron-based sludge formed as a by-product of an indus
trial wastewater treatment technology. The material pre
pared at 500°C was a compact mixture of nanocrystalline 

Fig. 7. Effect of pH on the adsorption of As(V) from the model 
solution and real waste water by IBA500 sample.

Fig. 9. Effect of contact time on the adsorption of As(V) from 
the model solution and real waste water by IBA500 sample.

Table 7
Kinetic parameters of pseudo-second-order model for the As(V) 
adsorption from the real waste water and model solution

k (g/mg/min) qe (mg/g) R2

Waste water 0.097 0.596 0.9994
Model solution 0.273 0.776 0.9999

R2 – coefficient of reliability.

Fig. 8. Effect of adsorbent dosage on the adsorption of As(V) from 
the model solution and the real waste water by IBA500 sample.
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anhydrite–maghemite–magnetite forming micrometric 
non-porous agglomerates. The adsorption tests proved 
the material to be efficient sorbent for As(V) removal. 
The real wastewater tests without any previous pre-treat
ment revealed maximum As(V) uptake to be 700 μg/g. It is 
believed that the measured value can be increased in the 
future by (a) pre- treatment of remediated water and (b) fur
ther modification of the iron-sludge waste recycling process. 
Due to its magnetic nature, it can easily be separated from the 
medium after the sorption process, or it can be kept in col
umns by a high gradient magnetic field without the bearer. 
In addition, the material was prepared from waste iron-based 
sludge which significantly reduced the overall costs for its 
production. Hypothetically, in this case, approximately 1 ton 
of adsorbent material could be produced per week from 
pressed sludge in a batch operational mode. Only moderate 
temperatures (400°C–500°C) are needed for the full conver
sion of raw sludge into the sorbent material such that the pro
cess remains economically feasible. The presented approach 
may inspire new ideas for recycling chemical wastes from 
remediation processes.
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Symbols

SBET — specific surface area, m2/g
Va — total pore volume, cm3/g
Vmicro — volume of micropores, cm3/g

R2 — coefficient of regression
t — time, hrs
qe —  amounts of metal ions adsorbed per unit mass at 

equilibrium, mg/g
qt —  amounts of metal ions adsorbed per unit mass at 

any time, mg/g
k —  rate constant for the adsorption process, g/mg/min
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