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ABSTRACT 
This study focusses on the production of micro-structured agglomerates with high porosity from 
iron(III)-hydroxide-containing materials as adsorbent. A fractal like structure of the 
agglomerates is to be created through a two-stage agglomeration process. This is necessary to 
achieve porous structures and to increase the adsorption capacity. Various materials were used 
for the agglomeration experiments : filter cake (dry matter content 23 to 27 wt.-%) and 
FerroSorp®DGμ, a product which is already being used commercially for various applications in 
water cleaning. These materials have different characteristics in the natural state such as dry 
matter content and particle size distribution. Further, the purity of the iron(III)-hydroxide-
containing materials with respect to the amounts of organic and inorganic materials is of 
particular importance during application. The desired optimised agglomerates can be achieved 
with the help of additives or binders, respectively. Additionally, the agglomeration process 
parameters play a vital role. In order to produce agglomerates with high porosity, the process 
was carried out in two steps. Firstly, FerroSorp®DGμ (d90 < 30 µm) was agglomerated jointly 
with the aforementioned filter cake in an Eirich intensive mixer (particle size range 125 µm < d90 
< 500 µm). The second agglomeration step after drying was carried out in a pelletisation plate or 
in an Eirich intensive mixer with the addition of polymeric binders (up to particle sizes ranging 
from 2 to 4 mm). Agglomerates were characterised both in short and long term loading tests 
using phosphate as model ion. Contact times were less than 10 min, similar to practical 
application in percolation columns or more than 6 h, respectively. The results show that the 
agglomerates produced in the two-stage pelletisation process have more advantageous properties 
like better accessibility of the active sites obtained by specificly influencing the particle size 
distribution during the two-stage pelletisation process. 
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INTRODUCTION 

Iron(III)-hydroxide-containing materials are 
preferably used as sorbent for cleaning 
groundwater and process water, for gas 
purification or ferrous catalysts. The current 
range of applications includes the purification 
of ground and surface waters as well as waste 
and process water, which have a high 

phosphate load caused by excessive nutrient 
inputs, the separation of geogenically and 
anthropogenically polluted groundwater and 
leachate, particularly the elimination of arsenic 
species and the recovery or elimination of 
pollutants from process and industrial 
wastewater by sorption of metal compounds to 
the iron containing sorbents. For the prepar 
ation of iron containing sorbent materials, 
various methods are known. *Author for correspondence 
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The production/ extraction of iron-(III)-
hydroxide-containing materials is carried out 
synthetically as well as by treatment and 
purification of naturally occurring iron-(III)-
hydroxide-containing water or sludge. In 
published patent applications of the company 
Bayer AG1-3 the production of modifications with 
particularly high specific surface area is shown. 
Starting materials among other are 
nanoparticulate iron compounds, such as α-
FeOOH and other iron species with a particle 
diameter in the range 4 to 100 nm. For the 
material use in addition to the use of 
synthetically produced iron hydroxides also iron 
hydroxide- containing sludges obtained from the 
purification and neutralization of groundwater 
from opencast mining or drinking water 
treatment process can be used. The acid water 
drainage are accumulated with sulphate and iron 
ions as a result of oxidation processes of pyrite 
compounds embedded into the ground layers. By 
contact with atmospheric oxygen the iron (II) 
containing pyrite materials sulfuric acid and - 
and then iron (III) – hydroxides are formed4,5. 
The annual production of acid mine drainage 
from the Lausitz lignite mining area is up to 400 
million m², which are prepared in several process 
steps in mine water purification plants. In 
addition to purified water about 13 million m³ 
iron(III)-hydroxide-containing slurry with an 
iron(III)-hydroxide content of 0.5 - 3% is 
formed6. These sludges represent the starting 
basis for further processing to iron containing 
sorbents. 

AIMS AND OBJECTIVES 
The objective of this paper is to produce 
agglomerates for the use as adsorbent for the 
purification of industrial and ground water 
from iron (III)-hydroxide-containing materials 
obtained during the treatment of acid mining 
drainage. To establish the iron (III) hydroxide-
containing compounds successfully in the 
application processes (water purification, gas 
purification, catalyst material), the production 
of pellets with application-relevant properties 
is necessary, in particular, in a microstructured 
structure combined with high strength and 
loading capacity define. To produce specific, 
targeted properties of the pellets, the use of 
aggregates, binders in variable concentrations 
and compositions are still possible.  

For use as a sorbent materials produced 
agglomerates must meet the following 
requirements : i) use of the agglomerates in a 
filter bed (percolation column) with defined 
pressure and flow conditions, ii) flow in and 
around agglomerates and iii) ensuring an 
effective separation of the pollutant component 
at the active centers. Furthermore, the adequate 
availability of products with cost-oriented 
production is a crucial economic criterion for 
the establishment and the use of iron contain-
ing materials as sorption material or carrier for 
iron-based catalysts in the market. In order to 
produce agglomerates with application rele 
vant properties, a high mechan-ical strength, a 
defined target grain size range from 2 to 4 mm 
and a large external and internal surface area 
for the realisation of high loading capacity is 
required. The selection of the agglomeration 
process and process and process parameters 
play a an important role. 
For the production of agglomerates with high 
porosity, build-up agglomeration processes in an 
intensive mixer and as well as a combination 
process in an intensive mixer followed by a 
pelletisation disk were used. The use of build-up 
agglomeration processes under specified condit-
ions creates open, microstructured agglo merates.  
The process of pellet formation is gradual and 
can be described by three main mechanisms : i) 
wetting and nucleation, ii) coalescence and 
growth and iii) abrasion and breakage7. The 
intended modification of the agglomerate prope 
rties, especially the agglo merate structure and 
size as well as the internal and external porosity 
are realised by selecting the process parameters 
associated with the degree of saturation of the 
material system8. 
In the process of mixing agglomeration in 
intensive mixers, the process parameters speed 
and time at given moisture content of the mixture 
play an important role for generating the 
favoured target particle size distribution. By 
increasing or reducing the speed of the mixing 
element, a coarse or fine-grained agglomeration 
result can be achieved at a constant pelletisation 
time. At the same time an adaption of the 
duration of agglomeration process for the 
achievement of predetermined target fractions is 
possible9. 
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A further possibility of specifically influencing 
the porosity represents the implementation of a 
two-stage pelletisation process.10,11 The iron 
(III)-hydroxide-containing materials used in 
the first agglomeration step are characterised 
by a very high fineness. Solidification of the 
primary agglomerates during the subsequent 
drying process is mainly attributable for 
bridging of the particles. To be able to produce 
agglomerates with the necessary strength in a 
second agglomeration stage the use of a binder 
is required, which forms material bridges at the 
contact points between the primary 
agglomerates after drying without blocking the 
particle surface area. 

MATERIAL AND METHODS 
The starting material for the production of 
agglomerates of iron (III) hydroxide-containing 
materials were used, which originate from the 
preparation process of acid mine drainage. 
These were a filter cake obtained from 
mechanical dewatering (dry matter content 25-
27 wt. -%, average grain size <10µm) and a dry 
composition, which was obtained by drying and 
subsequent crushing of the filter cake (dry 
matter content 90-95 wt.-%), which is sold 
under the trade name FerroSorp®DGμ. Pellets, 
made from a mixture of filter cake and dry 
FerroSorp®DGμ with a particle size range from 
125-500µm were used as a starting material for 
the second pelletisation stage. Furthermore, the 
use of a polymeric binder (trade name 
Vinnapas® EPN865) to achieve appropriate 
strengths was necessary. 
Single-stage pelletisation process 
The pelletisation took place in two intensive 
mixers. The intensive mixer from Eirich 
(Hardheim) consists of a container (capacity 5 
liters) which rotates with 40-88 rpm. The 
centrically arranged mixing element rotates at 
speeds of up to 4000 rpm, which ensures 
intensive mixing, high collision rates and 
compaction of the pellets formed. The 
ploughshare mixer (Lödige) has a capacity of 
about 30l. In the fixed drum, the ploughshare-
like mixing elements move with speeds in the 
range 66-130 rpm. 
Two-stage pelletisation process 
Another possibility for the production of 
pellets with structured build, the pelletizing 

process was performed in two stages. In the 
first step pellets in the size range between 125–
500µm are produced in an intensive mixer 
(Eirich), which served after drying in a second 
pelletisation step as a starting material. To 
minimize abrasion and breakage of the build-
up-agglomeration of the primary pellets in a 
second stage was performed in a pelletizing 
plate (ERWEKA). The build-up-agglomeration 
in a pelletizing plate follows the principle of 
rolling agglomeration. The material rolls over 
itself and over on plate bottom and sides. The 
impact and adhesive forces cause collision of 
the particles and attachment and thus the pellet 
structure. The formation of adhesions is 
supported by the introduction of binder 
(polymer dispersion), which is sprayed into the 
bed of material. 
The determination of the Dry Matter Content 
(DMC) of the raw materials and the pellets 
produced was done in accordance with DIN 
EN 14346. The determination of the particle 
size distributions and the calculation of 
granulometric characteristics are based on the 
methods described in the standards DIN 66165 
and DIN 53206. To determine the particle size 
distribution a sieving machine and optical 
analysis technique (Camsizer, Retsch 
Technology) as well as laser diffraction 
instrument (Helos H0654 and SUCELL, Sym-
patec) were used. Furthermore, the pellets 
were examined with respect to their strength. 
The determination of the abrasion was carried 
out according to the method which is described 
in the standard DIN EN 15210-1. The defined 
abrasion was calculated with the newly created 
particles smaller than 100 µm in relation to the 
amount used. 
The sorption capacity is related to the porosity 
an important quality criterion for the use of the 
pellets as adsorbent. The porosity based on a 
single pellet is the ratio of pore volume in the 
pellet interior to its total volume. The basis for 
determining the porosity was the calculation of 
the apparent pellet density based on the mean 
diameter d50 of the particle size distribution, 
the determination of the mass of a fixed 
number of individual pellets and solid density. 
In addition, gas adsorption measurements 
using nitrogen as adsorptive at a temperature 
of 77 K (Surfer, Thermo Fisher Scientific Inc.)  
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were carried out in order to determine the 
specific surface areas and the pore properties. 
The calculation of the specific surface area was 
carried out applying the BET method 
(evaluation range p/p0 = 0.05...0.3) according 
to DIN ISO 9277. The specific pore volume 
was calculated by the method of Gurvich.  
Regarding the application of the produced 
agglomerates the key performance parameters 
is the sorption capacity. It is the basis for 
dimensioning the technical equipment and 
design of the process as well as for estimating 
the breakthrough times of the materials used 
(time until reaching maximum load). The 
determination of the (maximum) loading 
capacity was carried out in discontinuous 
loading experiments (batch process) under 
approximately equilibrium conditions corresp-
onding to the adsorption isotherm of compare-
able raw material (FerroSorp®Plus).  
The initial phosphate concentration was 5.7 
mmol/l approximately. To determine the time-
dependent loading performance (10 min and 6 
hours) 1 ml samples were taken in defined 
intervals, diluted after filtration with a syringe 
filter (membrane material polyether sulfone 
(PES) or regenerated cellulose (RC), nominal 
pore size 0.45 µm) and the phosphate 
concentration determined. The loading was 
calculated as a product of the difference of 
initial and equilibrium concentration and the 
solution volume related to the mass of the 
sorbent material (dry matter content, DMC). 
The determination of the phosphate 
concentration was carried out using a test kit 
(Spectroquant, Merck KGaA) in accordance 
with DIN EN ISO 6878. 
For the production of microstructured 
agglomerates methods of build up 
agglomeration were used in different intensive 
mixers and in a pelletizing plate. The 
investigations took place both in the laboratory 
as well as in small technical scale. The pellet 
production was performed in single and two 
stage pelletizing processes with variable 
process conditions. 
For the laboratory tests an Eirich intensive 
mixer was applied (capacity 5 liters). The input 
material was a mixture of the fine product 
FerroSorp®DGμ (dry product) and filter cake 
(wet product), which was obtained by a 

dewatering process of open cast mining water 
similar to sewage sludge treatment. The 
mixing ratio was adjusted so that a moisture 
content of 45 to 48 wt.-% was obtained in the 
mixed product. In the first part of the 
experiment, tests to determine the optimum 
rotational speed of mixing elements and the 
pelletisation time were performed at a constant 
mixture composition. Before the start of the 
pelletisation process, in order to achieve an 
intensive mixing of the two products and a 
wetting of the dry product, a mixing phase at 
reduced speed of the mixing elements (1000 
rpm) of 10 minutes was necessary. This was 
followed by an intensive mixing phase (speed 
of the mixing element 4000 rpm), while the 
pellets were formed in the target particle size 
range from 2 to 4 mm. After a pelletisation 
time of 2 minutes, the mixer was emptied and 
the pellets were dried to a moisture content of 
about 8 wt.-% (product sample laboratory 
scale). According to the results pellets in the 
particle size range 0 to 1000 µm were 
produced as a starting material for the second 
stage of the pelletisation. The production of 
pellets in small technical scale was carried out 
in Lödige ploughshare mixer with a capacity of 
30 l. The fine product FerroSorp®DGμ with the 
addition of a diluted polymer dispersion was 
the input which has been very finely sprayed 
by means of a dual nozzle system by supplying 
compressed air (sample small scale plant) in 
the mixing chamber. The pelletisation time 
was 30 minutes. Subsequently, the pellets were 
removed from the mixer and dried to a 
moisture content of about 8 wt.-%. 
The two-stage pelletisation process was carried 
out in two separate process steps. The process 
step 1 involves the preparation of primary 
agglomerates. A mixture of fine product 
FerroSorp®DGμ and filter cake was added in 
an Eirich intensive mixer, thoroughly mixed 
(10min, rotating speed 900 rpm) and pelletised 
over a period of 1 min. After drying the 
product was classified into the particle size 
fraction of 125 to 500 µm. The dry matter 
content of the green pellets was 53 to 55 wt.-
%. The primary pellets produced (dry matter 
content 92 wt.-%) were the starting material 
for the second agglomeration stage. In stage 2, 
the primary pellets were agglomerated to 
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secondary pellets using an Eirich intensive 
mixer or a laboratory pelletisation disk 
(ERWEKA), respectively. A diluted polymer 
dispersions was used as a binder (5% 
according to the dry substance of the primary 
pellets). Due to the altered wetting properties 
of the starting material, the test time for the 
generation of secondary agglomerates of the 
target particle size distribution between 2 to 4 
mm in the intensive mixer was reduced 2 to 4 
minutes. The rotating speed of the mixing 
elements was maintained constant at 1800 rpm. 
The residence time in the pelletisation disk was 
4.5 to 6 minutes at a capacity of 50 g and a 
disk speed of 29 rpm. After the pelletisation 
process, the secondary pellets produced were 
removed from the respective unit and dried to 
a moisture content of about 8 wt.-%. The 
drying temperature was 130°C, which leads to 
a cross-linking of the polymer dispersion and 
to an increase of the strength by forming 
material bridges. 
The products obtained were examined for their 
physico-mechanical properties, such as particle 
size distribution to determine the target grain size 
and abrasion as a measure of the strength. 
Furthermore the determination of the porosity 
and the BET surface area was carried out. To 
determine the adsorption behavior  loading tests 
with the model ion phosphate (PO4

3-) with an 
initial concentration of c0 ~ 5.7 mmol PO4

3-/l 
were done. The loading capacities after 10 min 
and after 6 hours contact time were determined. 
To facilitate a comparison with iron(III)-
hydroxide containing sorbents available on the 
market, the product FerroSorp®Plus was 
included in the investigations. 

RESULTS AND DISCUSSION 
Physico-mechanical parameters  
Pelletisation process 
Single-stage pelletisation process 
As a result of laboratory tests for the selected 
process conditions (pelletising duration 2 min. 
rotation speed 4000 U/min) a pellet batch in the 
particle size range up to 6.3 mm (d10 = 0.62 mm, 
d50 = 1.7 mm, d90 = 4,12 mm) was obtained. The 
yield of the target group (2-4 mm) averaged 
30.12% with a share of oversized particles >4 
mm by 8.37%. The abrasion based on the 
fraction <100 µm was on average 0,43%. The 

bulk density was 592 kg/m³. The characterization 
of the product batch produced on a pilot 
experiment (sample pilot) shows that the pellet 
strength significantly improved by the addition of 
a polymer solution as a binder. The abrasion 
<100 µm was with 0,03 significantly lower than 
the value of the laboratory sample. The 
determination of the bulk density showed on 
average a value of 651 kg/m³. 
Two-stage pelletisation process: For the two-
stage process both the primary pellets as a raw 
material, as well as secondary pellets produced 
in the second stage in the intensive mixer and 
the pelletizing plate were characterized. After 
classifying the primary pellets, the proportion 
in the particle size range 125-500µm was 
approximately 95% with the distribution range 
between d10=0.1 mm and d90=0.5 mm. Both in 
the intensive mixer and on the pelletizing plate 
the yield of target fraction compared to the 
single-step process could considerably be 
increased to values in the middle of 60-65%. 
The width of the particle size distribution of 
the batch prepared in pelletizing plate was in 
the range d10=0,25 to d90=5.2 mm while the 
batch produced in intensive mixer is indicated 
by a distribution width in the range d10=1.4 
mm to d90=3.8 mm. 
Porosity and specific surface area 
The porosity and specific surface area are 
important quality criteria for the use of the 
produced iron-(III) hydroxide-containing pellets 
as sorption material. Through a targeted structure 
construction pore systems at different size levels 
are created. Thus, a better flow through the 
agglomerates and better accessibility to the inner 
pores is given. In order to assess how the various 
agglomeration processes and the chosen process 
conditions and the binder used affect porosity 
and specific surface area, the commercially 
available product FerroSorp®Plus (porosity : 
60%) was included in the study. For the 
produced product batches porosity values  in the 
range 59 to 65% were determined, whereas the 
pellet generated in single stage in ploughshare 
mixers Fa. Lödige with 53% (technical scale) 
have the lowest porosity. The agglomerates 
produced in the intensive mixer Eirich show no 
significant change of porosity between first and 
second pelletization stage (first stage sample 
laboratory : 62% second stage sample secondary 
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pellets mixer: 59%). A significant increase in the 
porosity could be determined for the pellet batch 
produced in the pelletizing plate (secondary 
pellets: 72%). As the results show, the specific 
surface area decreases due the agglomeration 
process. The starting product FerroSorp®DGμ 
has a specific surface area of 220 m²/g. By grain 
enlargement, the specific surface area decreased 
to 199 m²/g (primary pellets). Adding a polymer 

solution as binder leads to a slight reduction to 
194 m²/g (technical scale). A similar reduction in 
the specific surface area can also be seen 
between first and second pelletizing step 
(secondary pellets - mixer: 192 m²/g). Fig. 1 
shows the results of the specific surface area 
measurements (BET measurement) of the pellets 
produced in comparison to the market product 
FerroSorp®Plus. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 : Determination of the BET surface areas by gas adsorption (N2, 77 K) for selected  

pellet batches 

In addition to the determination of the BET 
surface also scanning microscopy of selected 
pellets were performed. In Fig. 2, the surface of a 
pellet after a two-stage pelletising process 
(secondary pellets - mixer) is shown. Signific-
antly, the clogging of the surface by fine particles 

is (abrasion, caused by pellet breakage during 
pelletising) recognizable. In contrast, the 
produced agglomerates in the pelletizing disc 
(2nd stage ) (Fig. 3) show a much more open 
surface structure in which the primary pellets are 
still visible (secondary pellets - plate).  

Fig. 2 : Surface of the pellets after two-stage pelletisation process in intensive mixer (Eirich) (left 
side) and combined in an intensive mixer (first stage)  
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Fig. 3 : Pelletizing disc (second stage) 

Sorption capacity 
To evaluate the loading capacity of the produced 
pellets, the sorption capacity for phosphate (PO4

3-

) was determined. With regard to the practical 
application of the sorbents short-time loading 

experiments with contact times of 10 min were 
considered (Fig. 4 left column ) and 6 h (Fig. 4 
right column). In comparison, in each case , the 
loading capacity of the comparative product 
FerroSorp®Plus is shown. 

 
Fig. 4 : Results for the loading experiments for a contact time of 10 min (left bar) and 6h (right bar) 

As seen in Fig. 2 to Fig. 4, the loading and the 
specific surface area is directly related, which 

means that with greater the surface area, more 
active centers and attachment sites for 
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adsorbing material are present. A further 
influence has the particle size. Since the 
accessibility of the inner surface may be 
limited by compaction processes during pellet 
formation process in particular, the structural 
design has a negative effect on the loading 
operations. This effect is shown by the results 
of the loading values of primary pellets and the 
market product FerrSorp®Plus both at 10 
minute and after 6 h contact time. Another 
influencing factor is the particle size of the 
pellets. The primary pellets have a particle size 
distribution in the range up to max. 500 
microns. Both the single stage build up 
agglomerates from the laboratory and technical 
scale as well as the pellets produced in two 
stage build up agglomeration and the market 
product have grain sizes in the range of 2-4 
mm. The naturally occurring and synthetically 
produced iron hydroxides are composed of 
crystalline structures in the nanoscale size 
range. These materials are characterized by a 
good accessibility of the active sites (low 
diffusion path) connected with very high 
loading capacity. The implemented structure-
forming processes are associated with an 
increase in the pellet diameter and a 
compression of the inner areas. Therefore, the 
near-surface areas of the investigated pellet 
batches are available for loading at short 
contact times, while the inner areas only at 
long contact times. In a comparison of the 
short-term loads (after 10 min) it is clear that 
the pellet charge produced in the pelletizing 
plate having an improved loading performance 
by comparison to the sample from the 
intensive mixer. The cause is the altered 
process technology in the second pelletizing 
step. The pelletizing plate used for pelletizing 
works different to an intensive Mixer (Eirich) 
with lower shear and impact forces, so that the 
pellets are less compacted. This improved 
accessibility for the phosphate ions is valent. 

CONCLUSION 
Iron (III)-hydroxide-containing materials occur 
as products of cleaning iron containing ground 
and surface water. They are raw materials for 
the preparation of sorbent materials used in 
percolation coloumns as water purification 
materials or for the production of iron-
containing catalysts, for example, for cleaning 

gases generated by fermentation. 
Microstructured pellets with a large external 
and accessible internal surface are required for 
the realization of appropiate separation 
performance for use as a adsorbent in 
percolation columns. In addition, a good flow-
through and low pressure drop in the bed are 
desirable. Furthermore, the mechanical stability 
and a target particle size of the pellets 2-4 mm 
are important characterisitics. For the 
production of microstructured pellets processes 
of build-up agglomeration (mixing and rolling 
agglomeration) were conducted individually 
and combined. The selected methods are based 
on the formation of pellets in a moving material 
bed with simultaneous rolling movements 
(pelletiz ing plate) and the additional input of 
impact energy by rotating mixing elements 
(mixing pelletisation). By using combination 
methods (two-step process) primary pellets 
were generated in the first stage in the particle 
size range up to 500 microns, which were built 
up in a second stage to secondary pellets in the 
target particle size range. Due to this two-stage 
production technology (combining intensive 
mixer with pelletizing disc) the loading 
behavior at short contact times (10 min) could 
be improved compared to the product available 
on the market. The results of the tests carried 
out show that these pellets have through the 
open outer surface structure a good access to the 
inner surface and thus to the active centers and 
improved separation/ sorption capacity. 
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