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Abstract 

Waste water from ammunition disposal can be of high volumes and heavily contaminated 
with toxic substances such as explosives and heavy metals. In the present paper, a 
contaminated waste water from a Swedish disposal industry was treated with the organic by-
product pine bark (Pinus Silvestris) as an adsorbent for capture of primarily the very common 
explosives substance TNT (2,4,6-trinitrotoluen). Traditionally, TNT is primarily a military 
explosive, and the source can be leaching from production, disposal or stockpiles of 
ammunition. TNT is toxic, both acute and chronically, and resistant to natural microbiological 
degradation why it can cause severe effects to an eco-system. 

Introduction	  
As with many environment protection actions, collection and treatment of the water is often 
expensive and time demanding and therefore, many water streams are left untreated. This 
paper explores the possibilities in using a low cost method for treatment or water 
contaminated with explosives. In Sweden, a large part of the ammunition produced during the 
world wars has been stored for more than 50 years. A large disposal program has been taken 
into action by the authorities which basically means that the ammunition has been transported 
to various sites in Europe for destruction or, more preferably, recycling.  

One successful recycling factory is situated in mid Sweden. Manual and automatic processes 
have been developed during the past years which have made it possible to recycle a larger part 
of the ammunition (> 90 %). Scrap metal is cleaned and sold on the civilian market once the 
explosives have been melted out and re-bulked, also for the civilian market (e.g. mining). The 
limitations in achieving a 100 % recycling or reuse of the ammunition parts stems from the 
large problems with contamination and the contamination of process water. Today, a 
commercial product (based on active carbon, AC) is used for adsorption of explosives and 
heavy metals in the process water, before release into a bacterial pond. However, the AC 
produces a waste that must be transported of site for destruction. By exchanging the AC 
adsorbent to an organic adsorbent, which might not adsorb the ions as strong as the AC, it 
could potentially be possible to degrade the explosives compounds together with the organic 
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adsorbent. Alternatively, if the transformation of the explosives compounds can be controlled, 
can the degradation of e.g. TNT (2,4,6-trinitrotoluen) towards mineralization pass a molecular 
stage where the ring structure fits well into the existing amino-structure of the organic 
adsorbent and thereby “vanish”. 

The basic idea is to use an adsorbent originating from the forest industry, namely pine bark 
(Pinus Silvestris). This material is commonly used in research for other contaminants, e.g. 
heavy metals and various organic pollutants, with promising results. The use of low cost 
adsorbents has been recommended for reasons of low cost, widespread availability and high 
affinity for metals (Sud et al 2008), which all together suggests that the method may have 
promise as a water treatment method of the future. Low cost adsorbents have been tested in 
laboratory experiments primarily, but also in on-site applications, for treatment of 
phosphorous by Johansson (1998), Yamada et al. (1986), Sakadevan and Bavor (1998), Stråe 
(2005). Metals have also been treated effectively by using the sorption technique, which has 
been shown in the publications by Aziz et al. (2003), Chatterjee et al. (2003), Dimitrova 
(1996, 1998, 2002) and Dimitrova and Mehangiev (1999, 2001), Genc-Fuhrman et al. (2007) 
and Özacar and Sengil (2005). Apart from heavy metals, pine bark has also been investigated 
for its capacity to remove pentachlorophenol from industrial waste water (Bras et al 2005, 
Edgehill and Lu 1998) and uranium compounds from aqueous systems (Freer et al 1989). 
Lindane and heptachlor adsorption to pine bark was studied by Ratola et al (2003) who found 
that the separation/uptake was 80.6 % and 93.6 % for lindande and heptachlor, respectively. 

Previously, research has indicated that it is possible to treat also TNT contaminated water 
with pine bark (Nehrenheim et al. 2010).  

At the same time, the explosives industry has a high demand for on-site solutions, since 
transportation of explosives always can be associated with risks. Over the years, different 
methods have been suggested for on-site treatment of other various contaminants, e.g. 
wetlands (Färm 2002), phytoremediation (REF), adsorption (Heilmann, 1996; Nerhenheim, 
2009; Nehrenheim and Odlare 2009) and various degradation methods (Roblez-González et 
al. 2008). But still, remediation of sludge, soil and water is often applied off-site with 
minimum possibilities to recycle water and/or soil. 

The trouble in on-site applications in flow through systems may though be to create a contact 
time high enough to allow equilibrium between the adsorbent surface and the contaminant. 
Therefore, this study aims to investigate the possibility to use pine bark for water treatment by 
setting up a laboratory scale experiment.  

Materials	  and	  Methods	  

The	  waste	  water	  
Nammo Vingåkersverken is a demilitarization factory specializing on dismantling and 
disassembling of old military ammunition parts for recycling to the civilian market. In the 
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process on the factory site, the ammunition is sunk in hot water basins (80oC) where the TNT 
is melted out of the ammunition parts (Nehrenheim 2003). Most of this TNT is clean enough 
to be sold in the civilian market, e.g. mining industry, whereas a small part of the sediment 
sludge in the basins is so contaminated that it cannot be recycled for safety reasons. Given the 
amounts of munitions being processed in this factory, the amount of sludge that must be 
destroyed is significant from a waste management point of view. Apart from TNT, the water 
contains small amounts of other explosives, e.g. HMX and RDX as quite extensive 
concentrations of heavy metals (Nehrenheim et al. 2010) 

Pine	  bark	  
The basic idea of this study was to establish that pine bark could be a potential adsorbent for 
treatment of TNT contaminated waste water.  In choosing a suitable filter material for the 
treatment of the effluent, six criteria were identified, which were all met by pine bark; (1) 
Availability close to the factory site to avoid long transportation, (2) Recognition worldwide, 
(3) Cost efficiency, (4) Low operation demands, (5) Potential for local handling after 
filtration, either by biological treatment or incineration and (6) No pre-treatment of the 
material, neither time demanding separation of particles nor chemical treatment to enhance 
uptake. 

Pine bark is a by-product from a global industry, namely manufacturing pulp and paper, 
cellulose and other woods products. The physico-chemical properties of slag and pine bark 
have been described by Nehrenheim and Gustafsson (2009). The sorption mechanisms to pine 
bark are expected to differ from other materials, being mainly controlled by complexation 
with humic material on the sorption sites.  

 

Experimental	  set	  up	  
The study was set up as a batch experiment where water and pine bark were shaken on a 
shaking table (120 rpm) in 500 ml bottles. Three replicates of each of the five concentrations 
and the control (de-ionized water) were prepared in shaking flasks of 500 ml volume. 200 ml 
of solution in each flask were mixed with 3 grams of pine bark. Samples were taken 
throughout the first 8 hours of shaking after 5 seconds, 10 minutes, 1 hour and 8 hours. 
Thereafter, the shaking procedure where carried out in accordance to the AC filtration step at 
the disposal factory. All the samples from the experiment were analyzed by means of HPLC.  

	  

Sampling	  and	  analyses	  
Effluent sampling. Contaminated effluent was collected from the treatment plant at the factory 
site, directly before the active carbon batch filtration step (see Fig. 1). Three replicate samples 
of 5 L effluent were collected from the surface of the large sedimentation basins and brought 
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to the laboratory. The sampled effluent was then mixed in a one batch and immediately frozen 
in plastic bottles without further preservation. The experiment took place within a few days.  

Besides explosives, the effluent contains metals which have been released from the metal 
shells of ammunition parts. The most commonly occurring heavy metals in the samples of the 
process water are arsenic, copper, lead, zinc, cadmium and chromium (Nehrenheim et al. 
2009). Some heavy metals are essential for living organisms (e.g. copper and zinc) although 
excessive levels can be detrimental. In contrast, cadmium, chromium, and lead serve no vital 
function in organisms and are toxic to most (Duffius, 2002). All the solutions had similar pH, 
between 6.95 and 7.56.  

Experiment design. Three replicates of each of the five concentrations and the control (de-
ionized water) were prepared in shaking flasks of 500 ml volume. 200 ml of solution in each 
flask were mixed with 3 grams of pine bark. Thereafter, the solutions were shaken with pine 
bark for 24 hours in order to ensure equilibrium between solution and pine bark. After 
centrifugation and filtration, samples of the initial solutions and leachate from the experiment 
were analysed for concentrations of metals and explosives by authorised laboratories in 
Sweden.  

Chemical analyses. The metal samples were extracted with HNO3 and analysed by means of 
ICP-MS. All samples were preserved with HNO3 supra-pure and frozen 4 days prior to the 
analyses. 

Samples of explosives were extracted with acetonitrile and analysed by means of HPLC with 
Diode Array detector, using a LiCrospher 100 RP18 15 cm tube.  

Results	  	  
Figure 1 shows the result from the adsorption experiment. Approximately 80 % of the TNT, 
which had an initial concentration of 21.7±1.5 mg/l, was retained by the pine bark already 
after 5 seconds contact time. This basically means that the waste water was poured into the 
pine bark and filtered out immediately. The results indicate that the adsorption process is 
relatively rapid and that a major part can be retained by the pine bark within just a few 
seconds. The strength of the adsorption was not evaluated here and further research is 
necessary in order to determine the character of the reactions involved.  
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Figure 1 The concentration of TNT in the waste water throughout a batch experiment with 
pine bark (Pinus Silvestris) 

 

Discussion	  
Adsorption is the physical adhesion of vapour or dissolved matter to the surface of a solid. It 
transports solutes from the solution to the particle surface. The diffuse double layer (DDL) or 
boundary layer surrounding the particles in reactive filters, is occupied by counter-ions (ions 
of opposite charge from the one in the diffuse layer). These ions can be replaced by ions from 
the effluent, for instance metal ions (Gustavsson et al., 2004). In this ion-exchange process, it 
is expected that the most strongly adsorbed ion will be the first to occupy the charged sites of 
the particles. When concentrations in the effluent increase, and the adsorption process 
approaches equilibrium, competition for the sites occurs (Gustavsson et al., 2004). The 
mechanisms responsible for the removal of contaminants from solution by low-cost organic 
adsorbents have been the subject of debate. Ion-exchange mechanisms may be responsible in 
many cases, but binding to functional groups such as carboxyl, hydroxyl and amines can 
probably also contribute to adsorption on biomaterials such as bark (Al-Asheh et al., 1998, 
2000). Roughly, one can say that the adsorption mechanism is divided into one rapid and one 
slower process. The rapid is basically the transportation into the boundary layer by diffusion. 
The second is the mechanisms including competition on the surface site. From previous 
results and the results in this study, it is known that TNT successfully adsorbs to organic 
adsorbents such as pine bark (Pinus silvestris) (Nehrenheim, et al. 2010). The presented study 
in this paper confirms that this process is relatively rapid. However, increasing the 
concentration in the effluent, either by increased initial concentration or by serial addition of 
waste water, the process could become slower as equilibrium is approached and the surface 
sites are occupied. 
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There is an interesting theory that could make the material more sustainable, with respect to 
the competition of the surface sites, by allowing the contaminants to integrate in the existing 
cell structure of the material. Pine bark or other natural or by products could play an important 
role in the remediation process for TNT by a two step approach including (1) bio-sorption to 
the organic material and (2) co-degradation of the organic material and the toxic TNT/TAT 
molecules.   

In another parallel study, a biological degradation method for TNT was evaluated in a 60 L 
laboratory scale non-rotating bioreactor. The aim of that study was to investigate if the 
existing, native bacterial could degrade the explosives by enhancing the bioremediation 
process by adding two kinds of carbon sources. The advantage of a passive method is that it 
can easily be upgraded on-site for degradation of TNT-contaminated sediments. This method 
could easily be combined with the one in the present study, i.e. by adding an organic 
adsorbent to a water body or slurry. The basic idea is to develop a method that could be 
applied either at the very bottom of the contaminated lake or pond, as a reactive barrier or in a 
passive system close by the contaminated water. By taking on this method, it would be 
possible to treat large amounts of contaminated sediment to a low cost. If we can proof that 
the explosives captured by pine bark in a water treatment step  are available for the 
microorganisms, a two step process on-site at the disposal factory could offer not only the 
retention of the contaminants in pine bark, but also a secondary treatment step resulting in the 
total mineralization of the explosives captured. Further research will reveal whether this is 
possible. In such a solution, metals could be extracted using acids if they are too high in the 
mineralized material to be recycled to the ground. 

 
 

Conclusions	  
 
Based upon the experience that we have gained in the presented paper together with the 
promising data on adsorption of TNT, we dear claim that it is interesting to proceed with the 
presented theory on TAT transformations into the existing amino structure of organic 
adsorbents. From the present, and other studies in the research group, we know that: 
 

i) Pine bark (pinus silvestris) is a promising adsorbent for treatment of TNT 
contaminated water 

ii) The processes of adsorption are rapid towards the particle surface, combined 
with a slow process on the particle surface 

iii) Heavy metals do not inhibit the TNT retention, but can be adsorbed 
simultaneously 
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