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Abstract 
 
This paper aims to compare the adsorption performance of activated carbon and pine bark for iron and manganese removal from 
contaminated groundwater. Moreover, their environmental compatibility was checked for their possible use as reactive media in a 
permeable reactive barrier for in situ remediation. Batch tests were carried out with different iron and manganese concentrations 
and different particle-size distributions, in order to evaluate the effectiveness of the activated carbon and pine bark on removal 
depending on both the initial pollutant concentration and the surface area of the adsorbent. High removal efficiencies were reached 
by both of the reactive media. However, faster removal at higher concentration was observed only for iron adsorption by activated 
carbon. The particle-size distribution did not significantly influence the process in the experimental conditions tested. The 
immobilization process on the reactive media can be considered almost irreversible since the quantities of iron and manganese 
released during the desorption tests were negligible.  
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1. Introduction 

 
Geological formation, waste effluents of 

industrial processes as well as old landfills are 
primarily responsible for the occurrence of iron and 
manganese ions in groundwater (Masukume et al., 
2017; Tchobanoglous et al., 2003). Iron is usually 
present in groundwater as a divalent ion (Fe2+), while 
manganese is frequently found in either its divalent 
(Mn2+) or quadrivalent (Mn4+) form (Vondráčková et 
al., 2017). The presence of  high concentrations of 
these ions in groundwater causes aesthetic, 
organoleptic and operating problems, thus the 
regulation in force sets an upper limit of 200 μg/L and 

∗ Author to whom all correspondence should be addressed: e-mail: mentore.vaccari@unibs.it; Phone: +39 030 3711300; Fax: +39 030 3711213 

50 μg/L for iron and manganese, respectively 
(Legislative Decree 152, 2006). The processes 
available for iron and manganese removal from 
groundwater are either physico-chemically or 
biologically based. In particular, both chemical and 
biological oxidation is the most widespread 
technology. Oxygen or stronger oxidants, such as 
chlorine (ClO2) and potassium permanganate (Ellis et 
al., 2000; Knocke et al., 1991), are generally used in 
chemical oxidation (Collivignarelli et al., 2018). The 
solid products of oxidation (FeOOH·H2O and MnO2) 
are then filtered through a granular bed. However, in 
water treatment processes, the use of chemical 
reagents should be minimized, not only because of the 
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increase in the operational costs of the applied 
treatment methods, but also because of secondary 
impacts that may arise due to residuals and by-product 
formation (Bertanza et al., 2018; Collivignarelli et al., 
2008, 2011). For these reasons, biological oxidation 
has been considered as a viable alternative for 
groundwater clean-up. Fe and Mn removal by 
biological processes is generally based on different 
stages of biofiltration where beds are colonized by Fe–
Mn oxidizing bacteria (Hope and Bott, 2004; Pacini et 
al., 2005; Štembal et al., 2005). In nature, iron 
oxidizing bacteria (IOB) and manganese oxidizing 
bacteria (MnOB) are widespread. These bacteria, 
present in raw water, can multiply in sand filters under 
appropriate conditions and are able to oxidize Fe(II) 
and Mn(II), which precipitate under their oxidized 
forms Fe(III) and Mn(IV) (Corstjens et al., 1992; 
Katsoyiannis and Zouboulis, 2004; Søgaard et al., 
2000). IOB can be aerobic or microaerobic as a 
function of pH values, whereas MnOBs are strictly 
aerobic with oxygen concentrations higher than 5 
mg/L. There are also various non-oxidative methods 
for iron and manganese removal from groundwater, 
e.g. ion-exchange (Vaaramaa and Letho, 2003; Yuce 
and Alptekin, 2013), adsorption (Munter et al., 2005), 
bioremediation and treatment with limestone 
(Berbenni et al., 2000) and precipitation (Das et al., 
2007). Among these, adsorption on activated carbon 
(bin Josoh et al., 2005; Budinova et al., 2009; 
Dastgheib and Rockstraw, 2002; Moreno-Piraján et 
al., 2011; Okoniewska et al., 2007) and other 
adsorbent materials (Janoš  et al., 2016) can be used in 
ex situ treatment plants or for in situ permeable 
barriers for groundwater clean-up.  

Due to the high costs linked to the activated 
carbon and to the loss of efficiency in the case of 
dissolved inorganic and organic matter naturally 
present in the groundwater, the testing of low-cost 
materials that can guarantee good performance in 
pollutant removal is of great interest. Thus most 
studies have been focused on natural zeolites (Al-
Anber M. and Al-Anber Z., 2008; Esfehani and 
Shamohammadi Heidari, 2011; Shavandi et al., 2012; 
Varvara et al., 2013) and on low-cost non-living 
biosorbents and waste materials, such as bark 
(Acemioglu, 2004; Chockalingam and Subramanian, 
2009), corn (Nassar et al., 2004), rice husk (Ghorbani 
and Eisazadeh, 2012; Mohan and Sreelakshmi, 2008), 
eggshells (Yeddou and Bensmaili, 2007), wooden 
charcoal (Ahamad and Jawed, 2010), and banana ash 
(Bordoloi et al., 2011). Low-cost biosorbent materials 
have been widely tested also for the removal of 
cadmium (Naiya et al., 2009; Nehrenheim et al., 2011; 
Shin et al., 2007; Tofan et al., 2012), chromium 
(Bhattacharya et al., 2008; Krowiak et al., 2011; Sarin 
and Pant, 2006), copper (Amalinei et al., 2012; 
Khokhotva, 2010; Khokhotva and Waara, 2010; 
Krowiak et al., 2011; Mohan and Sreelakshmi, 2008), 
lead (Khokhotva, 2010; Khokhotva and Waara, 2010; 
Mohan and Sreelakshmi, 2008; Nehrenheim et al., 
2011), nickel (Khokhotva, 2010; Khokhotva and 
Waara, 2010; Nehrenheim et al., 2011; Subbaiah et al., 

2009), zinc (Khokhotva, 2010; Khokhotva and Waara, 
2010; King et al., 2008; Mohan and Sreelakshmi, 
2008; Naiya et al., 2009; Nehrenheim et al., 2011) and 
organic micro-pollutants (Antunes et al., 2012; Braga 
et al., 2011).  

The present work aimed at testing the 
performance of commercially activated carbon and 
pine bark in the removal of Fe(II) and Mn(II) ions 
from aqueous solutions. The bark was chosen due to 
its low cost and its performances were compared to 
those obtained through the most traditional activated 
carbon. The environmental quality of both materials 
was assessed for their possible use as reactive media 
in a permeable reactive barrier. The effects of iron and 
manganese concentration (100, 1000 and 10000 μg/L), 
particle-size distribution of the reactive media on the 
adsorption process were examined. Moreover, 
adsorption kinetics, isotherm studies by means of 
Freundlich and Langmuir models and desorption tests 
were performed. Finally, also preliminary 
considerations on the cost analysis were carried out. 

 
2. Material and methods 
 
2.1. Reactive media 

 
The granular activated carbon (GAC) used in 

the study was made from coconut shells by steam 
activation, which then produces black granules with a 
diameter in the range of 0.425-1.70 mm. It was 
developed especially for the purification of potable 
water, meeting the requirements of the U.S. Food 
Chemicals Codex (U.S.P., 2008) and the Drinking 
Water Standard EN 12915 (European Normalisation, 
2003). It is odourless and refractory to biological 
degradation. 

In order to check the influence of the surface 
area on the adsorption process, it was decided to split 
the GAC particles into two sub-classes having the 
following nominal diameters: 
- 0.425 – 1 mm (namely “F”, which stands for 

“fine”); 
- 1 – 1.7 mm (namely “C”, which stands for 

“coarse”). 
Tests conducted with raw GAC (whose 

diameter is within 0.425 – 1.7 mm) are indicated with 
a “T”, which stands for “total”. 

Raw pine bark (from Italy) was air-dried for 24 
hours, grinded by knife mill, washed with 
demineralised-distilled water (DDW) and dried at 
105°C. In order to check the influence of the surface 
area on the adsorption process, three different particle-
size classes were used with the following nominal 
diameters: 

- 0.425 – 1 mm (namely “F”); 
- 1 – 2 mm (namely “C”); 
- 0.425 – 2 mm (namely “T”). 

The choice of the different grain-size ranges of 
pine bark was influenced by the particle-size of 
commercial GAC and by sub-classes chosen for this 
study. In order to ensure equity in the comparison 
between the results obtained for the two materials 
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tested, the aggregates of pine bark were made to fall in 
the same range as those of GAC. Both materials were 
characterised in terms of their iodine number (ASTM, 
2006), which is a relative indicator of porosity and the 
surface area of an adsorbent material. 

 
2.2. Contaminated solutions 

 
Fe(II)- and Mn(II)-contaminated solutions 

were obtained by solubilizing FeSO4∙7H2O and 
MnSO4∙H2O (by the Carlo Erba company, used as 
received), respectively in demineralised-distilled 
water (DDW). In order to check the influence of the 
initial pollutant load on the removal kinetics, three 
different contaminated solutions were prepared for 
each contaminant, with the following initial 
concentrations (C0): 

- 100 μg/L; 
- 1,000 μg/L; 
- 10,000 μg/L.  

Only 1,000 and 10,000 μg/L concentrations 
were tested on pine bark, due to the interferences 
exerted by the manganese naturally present on the 
reactive medium and released in the solution. The 
iron-contaminated solutions were used immediately 
after their preparation, in order to avoid the 
spontaneous auto-catalytic oxidation of Fe(II) into 
Fe(III), leading to the precipitation of ferric oxides. 
Moreover, a mixed solution containing both 10 mg/L 
of Fe(II) and 10 mg/L of Mn(II) was prepared, aimed  
at testing the possible competition phenomena that 
occurred for the adsorption sites on the reactive media. 

An atomic absorption spectrometer (Perkin-
Elmer 3030B) with a flame and graphite furnace 
atomizers was used for the iron and manganese 
analyses. 
 
2.3. Batch adsorption tests 

 
The batch tests aimed at verifying the 

adsorption performances of the reactive media on iron 
and manganese. For each batch a 100 mL glass vial 
was used with a liquid-to-solid ratio (L/S) equal to 10 
L/kg, taking care to avoid the presence of air in order 
to promote the establishment of anoxic/anaerobic 
conditions and to limit the natural Fe(II) oxidation. 
Then the bottles were placed in an overhead mixer 
Rotax 6.8 (Velp Scientifica) at 15 rpm for periods of  
0.5h, 1h, 4h, 8h, 12h, 24h and 48h, based on the results 
obtained by previous similar studies (Acemioglu, 
2004; bin Jusoh et al., 2005). Glass vials did not 
interact with iron and manganese ions which were not 
absorbed by the walls of the bottles. The tests were 
conducted under natural pH conditions derived by 
mixing the contaminated solutions and the reactive 
media.   

No reagent was added to the reactors to adjust 
the pH during the tests. Batches were conducted in 
duplicate and the averaged values are shown below. In 
addition, three blank tests (B) were carried out in order 
to evaluate the Fe and Mn release in DDW by 
activated carbon and pine bark. 

At the end of each test the liquid phase was 
separated through filtration with cellulose acetate 
filters (with 0.45 μm pores). Prior to analysis, the pH 
was modified to acidic conditions by adding HNO3.  
The liquid phase was analysed in terms of the iron and 
manganese content by atomic absorption. The 
percentage of metals adsorbed by reactive media was 
calculated as (Eq. 1): 
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where C0 and Ce are the initial and equilibrium heavy 
metal concentrations (μg/L).  

Due to the time-dependence of the removal 
process, the removal rate was calculated as follows 
(Eq. 2): 
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where Ci and Ci+1 are the contaminant concentrations 
detected in correspondence to two subsequent time 
intervals (ti and ti+1, respectively). 

The adsorption capacity (X) of the reactive 
media was computed as follows and expressed as 
mgadsorbate/gadsorbent (Eq. 3): 
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where C0 is the initial concentration of adsorbate in 
solution (mg/L), Ce is the final equilibrium 
concentration of adsorbate in the solution after 
adsorption has occurred (mg/L), V is the volume of 
liquid in the reactor (L) and m is the mass of adsorbent 
(g). 

In order to compare the results obtained in the 
tests, the adsorption capacity (X) was normalized for 
the initial contaminant concentration (C0), (Eq. 4): 

 

0C
Xq =

                           (4) 
 

2.4. Adsorption isotherms  
 
The theoretical adsorption capacity of the 

reactive media tested for Fe(II) and Mn(II) was 
determined by developing adsorption isotherms 
(European Normalisation, 2003). The quantity of 
adsorbate that can be taken up by an adsorbent is a 
function of the characteristics (solubility, molecular 
structure, molecular weight, polarity, etc.) and the 
concentration of adsorbate, as well as the temperature. 
In general, the retention (or release) or mobility of a 
substance from the aqueous porous media or aquatic 
environments to a solid-phase at a constant 
temperature and pH is described through an invaluable 
curve called adsorption isotherm (Foo and Hameed, 
2010). Adsorption isotherms were developed by 
exposing a given amount of adsorbate in a fixed 
volume of liquid (with iron and manganese 
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concentrations equal to 10 mg/L), to varying amounts 
of adsorbent material. In particular, the following L/S 
values were used for each contaminant and for each 
reactive medium with the T particle-size distribution: 
5, 10, 20, 50, 100, 200 and 500 L/kg. The equilibrium 
in this experimental activity was set equal to 8 hours, 
as obtained in the batch tests.   

At the end of the test period, when the 
equilibrium was achieved (the adsorption rate was 
equal to the desorption rate), the amount of the 
adsorbate remaining in the solution was measured.  

Equations that are usually used to describe the 
experimental isotherm data were developed by 
Freundlich and Langmuir. The former fit the 
experimental data shown in the present work better. 
Thus it was derived empirically and is defined as 
follows (Eq. 5): 
 

n1
eCkX ⋅=              (5) 

 
where 1/n is the Freundlich intensity factor and k is the 
Freundlich capacity factor (indicating the affinity 
between the adsorbate and the adsorbent), expressed 
as mgadsorbate/gadsorbent·(Lsolution/mgadsorbate)1/n. The 
constants of the Freundlich isotherm can be 
determined by plotting logX versus logCe and by 
making use of Eq. (4) rewritten as Eq. (6): 
 

elogC
n
1logklogX +=

            (6) 
 
The tests were performed following the same 

procedure adopted for the batch adsorption tests.  
 
2.5. Desorption tests 

 
The desorption tests were carried out in order 

to evaluate the possible iron and manganese release 
from the reactive media after the adsorption process. 
Prior to the adsorption tests, the following adsorption 
tests were performed at a L/S equal to 10 L/kg: 
- GAC/pine bark + DDW (blank test); 
- GAC/pine bark + Fe(II) solution (C0 = 10 mg/L 
and C0 = 1 mg/L); 
- GAC/pine bark + Mn(II) solution (C0 = 10 mg/L 
and C0 = 1 mg/L). 

These adsorption tests lasted 48 h according to 
the procedures described above (batch adsorption 
tests). Then for the desorption tests the adsorbent 
medium obtained was mixed to a slightly acidic DDW 
(pH = 5.5), at a L/S equal to 10 L/kg. The reactors 
were placed in an overhead mixer Rotax 6.8 (Velp 
Scientifica) at 15 rpm for 24 hours. 

At the end of both of the adsorption and 
desorption tests the liquid phase was separated 
through filtration with cellulose acetate filters with 
0.45 μm pores. Prior to analysis the pH was corrected 
to acidic conditions by adding HNO3. The liquid phase 
was analysed in terms of the iron and manganese 
content by atomic absorption and then the following 
parameters were calculated: 

- the adsorbed micrograms, representing the mass 
of contaminant adsorbed on the reactive media during 
the adsorption test after 48 hours. The value was 
calculated as follows (Eq. 7): 

 
𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = (𝐶𝐶0 − 𝐶𝐶𝑎𝑎) ∙ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑜𝑜𝑜𝑜 𝑐𝑐𝑜𝑜𝑐𝑐𝑙𝑙𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙𝑒𝑒 𝑙𝑙𝑜𝑜𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜𝑐𝑐 𝑠𝑠𝑙𝑙𝑙𝑙𝑒𝑒 

         (7) 
- the micrograms of contaminants on the adsorbent 
material, representing the mass of contaminant present 
on the reactive media undergoing the desorption test. 
This represented only a fraction of the reactive 
medium used in the adsorption test, due to the 
unavoidable mass loss during the separation procedure 
(centrifugation and filtration) (Eqs. 8, 9): 
 
𝜇𝜇𝜇𝜇𝑎𝑎𝑜𝑜 𝑡𝑡ℎ𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑡𝑡 = 𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∙

𝜇𝜇𝑎𝑎𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑡𝑡 𝑖𝑖𝑜𝑜 𝑡𝑡ℎ𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑡𝑡𝑖𝑖𝑎𝑎𝑜𝑜 𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡

𝜇𝜇𝑎𝑎𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑡𝑡 𝑖𝑖𝑜𝑜 𝑡𝑡ℎ𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑡𝑡𝑖𝑖𝑎𝑎𝑜𝑜 𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡
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𝜇𝜇𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙𝑜𝑜𝑐𝑐 𝑙𝑙𝑐𝑐 𝑙𝑙𝑜𝑜𝑙𝑙𝑠𝑠𝑙𝑙𝑙𝑙𝑜𝑜𝑐𝑐 ∙
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷 𝑙𝑙𝑐𝑐 𝑙𝑙ℎ𝑙𝑙 𝑒𝑒𝑙𝑙𝑙𝑙𝑜𝑜𝑙𝑙𝑑𝑑𝑙𝑙𝑙𝑙𝑜𝑜𝑐𝑐 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙               (9) 

 
The percentage of desorbed metals was then 

calculated as follows (Eq. 10): 
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑐𝑐𝑙𝑙𝑙𝑙(%) = 𝜇𝜇𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜇𝜇𝜇𝜇𝑑𝑑𝑜𝑜 𝑡𝑡ℎ𝑑𝑑 𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑜𝑜𝑡𝑡

∙100        (10) 
 

3. Results and discussion 
 

3.1. Iron and manganese release by GAC and pine 
bark 

 
Mn release from activated carbon was always 

lower than 0.035 mg/L and increased over time. A 
higher Fe release was observed, even if below 0.18 
mg/L. Its maximum concentration was observed at 4 
hours, then decreasing to about 0.04 mg/L after 24 
hours, probably due to the re-adsorption of the leached 
iron onto the GAC. 

The amount of both iron and manganese 
released by GAC did not seem able to interfere with 
the adsorption tests, even when the lowest 
concentration of contaminants (100 µg/L) was used. 

In case of pine bark, the maximum iron and 
manganese release was observed at 12 hours, with 
values of about 0.12 mg/L for both, with re-adsorption 
at 24 and 48 hours. 

The iron and manganese released by pine bark 
compromised the results of the adsorption tests at C0 
= 0.1 mg/L. For this reason, such tests were carried out 
only at C0 = 1 mg/L and C0 = 10 mg/L. 

 
3.2. Batch adsorption tests 
 
3.2.1. Activated carbon 

Fe(II) removal kinetic was very fast, as shown 
in Fig. 1a. A removal efficiency higher than 90% was 
reached after only 1 hour, from initial concentrations 
of 1 and 10 mg/L. The worst performance occurred at 
the lowest C0 value (0.1 mg/L), presenting an unstable 
behaviour without reaching a plateau value, evidently 
due to the iron release and re-adsorption onto GAC.  
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The simultaneous presence of Mn(II) in the 

contaminated solution seemed to influence Fe(II) 
adsorption only in the short-term, probably exerting a 
sort of catalytic effect with an increased removal 
kinetic. This effect was shown also by the adsorption 
capacity (q) profile over time, as presented in Table 1.  

The adsorption capacity for both the 10 mg/L 
solutions reached the maximum plateau value of 
10(mgFe removed·L)/(kgcarbon·mgFe0), after 1 hour. 
Similar values were reached after 24 hours for 1 mg/L. 
As far as the lowest concentration was concerned, 
oscillating values between 1.3 and 9.4 (mgFe 

removed·L)/(kgcarbon·mgFe0) were observed. 
In Fig. 1b the role exerted by the grain size on 

Fe(II) removal is shown. The coarse fraction was 
characterised by a slightly lower performance in the 
short term with respect to the fine fraction and the T 
series. At 24 and 48 hours, the removal efficiencies 
were almost the same (about 99%) for all the series. 
No significant differences were observed between the 
F and T series during the entire experimental activity. 

The Mn removal kinetics did not vary 
significantly with time and with the initial 
concentration, reaching removal efficiency near 
100%, as shown in Fig. 2a. The simultaneous presence 
of iron in the solution did not exert significant effects 
on Mn adsorption. As a confirmation, the adsorption 
capacity normalized for C0 (Table 1) reached the 
maximum plateau value of 10(mgMn 

removed·Lsolution)/(kgcarbon·mgMn0) for all the tests after 
only 4 hours.  

This value was similar to the maximum 
obtained for iron. A small influence due to the grain-
size was observed only in the short-term (at 30 
minutes and 1 hour), when the fine fraction was the 
best-performing medium. Starting from a 4 hour 
contact time, there were no significant differences in 
terms of efficiency between the T, F and C series (Fig. 
2b). The maximum removal rate occurred in the first 
30 minutes for both iron and manganese under all the 
conditions tested, as shown in Fig. 3. The k values 
were respectively 1.1-1.6 h-1 and 1.9 h-1 for iron and 
manganese in the first time interval.  

Negligible removal rates were observed in the 
period 12-24 h and 24-48 h, due to the progressive 
saturation of the adsorption sites and to the low 
residual iron and manganese concentrations in the 
water. During the tests, pH remained almost constant, 
ranging between 9.57 and 9.68, thus pH variation did 
not influence the adsorption process during time. The 
pH of the system was influenced mainly by the natural 
pH of activated carbon (9.8), rather than by that of the 
contaminated solutions (about 5). 
 
3.2.2. Pine bark 

The Fe(II) removal efficiencies for T-series are 
presented in Fig. 4a. They were always higher than 
90% during the entire experimental activity with the 
worst performances at C0 = 1 mg/L. The Mn(II) 
presence in the mixed solution did not lead to 
competition for the adsorption sites.  

 
Table 1. Activated carbon adsorption capacity (q=X/C0) for iron and manganese 

 

Time (hours) Iron (mgFe removed·L)/(kgcarbon·mgFe0) Manganese  
(mgMn removed·L)/(kgcarbon·mgMn0) 

C0 = 0.1 mg/L C0 = 1 mg/L C0 = 10 mg/L C0 = 0.1 mg/L C0 = 1 mg/L C0 = 10 mg/L 
0.5 5.63 4.18 8.20 9.72 9.64 9.33 
1 7.64 9.34 9.17 9.86 9.74 9.62 
4 9.35 9.51 9.55 10.0 9.93 9.92 
8 1.28 7.62 9.81 10.0 9.94 9.94 

12 6.35 7.21 9.85 10.0 9.96 9.95 
24 8.14 9.83 9.84 9.87 9.96 9.95 
48 2.60 9.56 9.89 9.89 9.97 9.97 

 

  
 

Fig. 1. Fe(II) removal efficiency by activated carbon: influence of the initial concentration for the T-series (a)  
and of the particle size distribution (b) 
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Fig. 2. Mn(II) removal efficiency by activated carbon: influence of the initial concentration for the T-series (a)  
and of the particle size distribution (b) 

 

  
Fig. 3. Iron (a) and manganese (b) removal rates by activated carbon during the experimental activity 

 
Iron removal efficiencies remained almost the same as 
those detected for the solution where only Fe(II) was 
present at 10 mg/L. Also the adsorption capacity (q) 
calculated for these two tests (only iron at 10 mg/L and 
mixed solution) did not vary (Table 2). It was always 
higher than 9 (mgFe removed·Lsolution)/(kgbark·mgFe0) and 
near 10 (mgFe removed·Lsolution)/(kgbark·mgFe0) for both the 
tests. Such values remained constant during the 48 
hours. 

When C0 = 1 mg/L the adsorption capacity was 
always around 9 mgFe removed·Lsolution/(kgbark·mgFe0). By 
comparing the performance of the different grain-size 
classes, it can be observed (Fig. 4b) that the T-series 
had the highest removal efficiencies. However, in all 
the tests, the iron removal efficiencies were always 
higher than 95% after 30 minutes. 

Mn removal efficiencies (Fig. 5a) registered 
values above 90% only when the initial concentration 
was 10 mg/L. At C0 = 1 mg/L the removal efficiencies 
ranged between 70- 88%. The presence of iron in the 
contaminated solution led to a slight decrease in the 
manganese removal efficiencies by pine bark. 
However, the values were higher than 80%. The 

adsorption capacity (q) was lower than that obtained 
for iron with mean values of 9 (mgMn 

removed·Lsolution)/(kgbark·mgMn0) at C0 = 10 mg/L, and 7.5 
(mgMn removed·Lsolution)/(kgbark·mgMn0) at C0 = 1 mg/L 
(Table 2). The performances of the different grain-size 
classes used in the experimental activity were quite 
similar, even if the removal efficiencies corresponding 
to the F-series were slightly lower (Fig. 5b). 

The removal rates (Fig. 6) indicate that the 
highest values (1.9-2 h-1 for iron and 1.7-1.9 h-1 for 
manganese) occurred in the first 30 minutes. 
Negligible values were calculated for manganese after 
1 h and for iron after 24 h, due to the saturation of the 
adsorption sites as well as to the low residual Fe(II) 
and Mn(II) concentrations in water. 

During the tests, the pH remained almost 
constant, with mean values ranging between 4.57 and 
4.95 for iron, and 4.59 and 4.96 for manganese. Thus 
pH variation did not influence the adsorption process. 
The pH in the system was influenced by both the 
natural pH of bark (5.6) and that of the contaminated 
solutions (around 5). 
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3.2.3. Comparison between the reactive media 
performances 

The findings enable comparison between the 
reactive media tested: 
- Iron: the long-term behaviour of the two materials 
was similar with very similar removal efficiencies, as 
shown in Fig. 7a. In the short-term (up to 4 hours) pine 
bark was the best performing material for all the grain-
size classes tested with differences of more than 10% 
at 30 minutes. Pine bark’s removal kinetic was the 
fastest; 
- Manganese: despite removal efficiencies higher 
than 90%, pine bark had lower effectiveness than 

activated carbon, with differences of about 8% after 8 
hours (Fig. 7b). 

The adsorption capacity (X) normalized for C0 
can be considered for the comparison between the two 
materials. As far as iron is considered, GAC presented 
the maximum adsorption capacity (Fig. 8a) in the 
long-term. Despite the lower values obtained by pine 
bark, they were almost constant during the entire 
experimental activity. The adsorption capacity of pine 
bark was high even after 30 minutes. In the case of 
manganese, the adsorption capacity was higher as far 
as GAC was concerned. However, both materials 
produced almost constant values from 30 minutes to 
48 hours (Fig. 8b). 

 

   
 

Fig. 4. Fe(II) removal efficiency by pine bark: influence of the initial concentration for the T-series (a)  
and of the particle size distribution (b) 

 
Table 1. Pine bark adsorption capacity (q=X/C0) for iron and manganese 

 

Time (hours) Iron (mgFe removed·L)/(kgbark·mgFe0) Manganese (mgMn removed·L)/(kgbark·mgMn0) 
C0 = 1 mg/L C0 = 10 mg/L C0 = 1 mg/L C0 = 10 mg/L 

0.5 9.65 9.81 8.74 9.37 
1 9.63 9.82 8.42 9.40 
4 9.26 9.86 7.79 9.37 
8 8.67 9.78 7.47 9.07 
12 9.35 9.83 7.37 9.07 
24 9.38 9.86 6.95 9.22 
48 9.30 9.92 7.37 9.30 

 

  
 

Fig. 5. Mn(II) removal efficiency by pine bark: influence of the initial concentration for the T-series (a)  
and of the particle size distribution (b) 
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Fig. 6. Iron (a) and manganese (b) removal rates by pine bark during the experimental activity 
 

  
 

Fig. 7. Fe(II) (a) and Mn(II) (b) removal efficiency (C0 = 10 mg/L) by activated carbon and pine bark 
 

 
 

Fig. 8. Activated carbon and pine bark adsorption capacity towards iron (a) and manganese (b) with C0 = 10 mg/L 
 

Pine bark showed good performances, 
although its iodine number (equal to 100) was found 
to be one order of magnitude lower than activated 
carbon (iodine number equal to 1050). This result 
suggests that GAC has a surface area much greater 

than that of pine bark. However, any relationship 
between the surface area and the iodine number cannot 
be generalized. It varies with changes in carbon raw 
material, processing conditions and pore volume 
distribution (ASTM, 2006).  
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3.3. Adsorption isotherms 

 
The data that referred to iron adsorption by 

activated carbon fit the Freundlich isotherm, with a 
correlation coefficient equal to 0.9, as shown in Table 
3. On the contrary, Mn residual concentration did not 
depend on the quantity of adsorbent used (i.e. on the 
L/S value) in the range tested in the present work with 
values overlapping Ceq in correspondence to different 
adsorption capacity (X) values. In fact, the removal 
efficiency was equal to 99% in correspondence to L/S 
equal to 200 L/kg, remaining almost constant with 
higher adsorbent dosages (i.e. lower L/S). A lower 
removal efficiency (about 68%) was observed only in 
correspondence to the lowest activated carbon content 
(L/S = 600 L/kg). Such data confirmed the high 
affinity between activated carbon and manganese, as 
previously observed. Due to the similarity between the 
adsorption capacity obtained in correspondence to 
different L/S values, modelling through Langmuir and 
Freundlich adsorption isotherms was not applicable. 

In the case of pine bark, the Freundlich 
isotherm enabled the best-fit for the experimental data, 
with a correlation coefficient near to 1 for both Fe and 
Mn (Table 3). The values of Freundlich coefficients (k 
and n) are shown in Table 3. The k values were very 
similar, confirming that pine bark had a high affinity 
towards both iron and manganese. Based on the low n 
values, it can be suggested that Mn adsorption was 
more dependent on the initial contaminant 
concentration and on the adsorbent availability, if 
compared to iron. 
 

Table 2. Parameters of the Freundlich isotherm at  
C0 = 10 mg/L 

 

Parameter 
GAC Pine bark 

Fe Mn Fe Mn 
n 1.66 - 1.69 0.79 
k 4.60 - 2.11 2.29 
R2 0.90 - 0.98 0.97 

 
3.4. Desorption tests 
 

The aim of the desorption tests was to evaluate 
the potential release of iron and manganese ions, once 
adsorbed on the reactive media. The results obtained 

for both activated carbon and pine bark are shown in 
Table 4. 

The results of the desorption tests suggest that 
the iron and manganese released were negligible, if 
compared to the total quantities adsorbed on both the 
activated carbon and pine bark, particularly at higher 
pollutant concentrations. Thus, the adsorption process 
can be reasonably considered irreversible in the 
conditions tested. 

 
3.5. Preliminary considerations on potential money 
savings 

 
The GAC used cost € 470.00 per tonne, 

corresponding to € 239.70 per cubic meter (the GAC’s 
bulk density was equal to 510 kg/m3). 

The cost of pine bark was € 55.00 per cubic 
meter, obtained by averaging the data provided by 
several marketers. This value is significantly lower 
than that of the GAC. Thus, significant financial 
savings could be realised by using pine bark (about € 
185.00 per cubic meter) in terms of capital investment 
for the set-up of the remediation action. 

 
4. Conclusions 

 
The experimental leads to four key 

conclusions, namely that: 
- iron adsorption by activated carbon was influenced 
by the initial Fe(II) concentration. The higher the iron 
content, the higher the removal efficiency and the 
removal kinetic. The activated carbon affinity towards 
manganese seemed to be more evident, with kinetics 
not depending on the Mn(II) ions content in the 
contaminated solution; 
- pine bark presented the highest affinity towards 
iron ions, with removal efficiencies higher than 97% 
after 30 minutes. However, despite this, its 
performance in manganese removal was satisfactory, 
with an efficiency of about 90%; 
- the particle-size distribution of the reactive media 
and the simultaneous presence of Mn(II) and Fe(II) 
did not significantly influence the overall efficiencies; 
- the adsorption process can be considered almost 
irreversible in the conditions tested, since the release 
obtained through the desorption tests was negligible. 

 
Table 3. Results of the desorption tests 

 
 

U.M. C0 = 1 mg/L C0 = 10 mg/L 
Activated carbon Pine bark Activated carbon Pine bark 

Fe
(I

I)
 

adsorbed μg 106.6 90.9 1064.8 962 
on the adsorbent that has 
undergone desorption μg 98.9 58.2 851.1 604.1 

desorbed μg - 2.45 2.62 1.86 
released % - 4.21 0.31 0.31 

M
n(

II
) 

adsorbed μg 109.5 670 1052.7 893 
on the adsorbent that has 
undergone desorption μg 97.7 33.2 850.7 620.6 

desorbed μg 0.47 1.98 1.78 9.73 
released % 0.48 5.97 0.21 1.57 
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Based on these preliminary results, pine bark 
can be considered a good alternative to activated 
carbon as an adsorbent reactive medium, since it can 
ensure high performances with efficiencies 
comparable to those obtained with GAC (which is 
widely tested, but more expensive), and at lower costs. 
However, additional tests must be carried out in order 
to evaluate the durability and long-term behaviour of 
the pine wood for its possible use in in situ 
groundwater remediation. 
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