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Abstract  
 

Geophysical prospecting in the past century has shifted its applicability from mineral 

exploration, as it was used in the beginning of the 20th century, to more environmental 

applications. Such applications included, but not limited, to environmental pollution, aquifer 

characterization, definition of pollutants at the subsurface. Probably the most applied 

methods are those based on the induction of electric current to the ground and measuring 

the voltage potential. Another method applied at the end of the century was the induced 

polarization, originally developed for the prospection and characterization of mineral 

deposits. The value of the induced polarization (IP) method also has been recognized for 

near-surface studies in relatively low-polarizable, sedimentary environments. Nowadays it is 

used also for the characterization of hydraulic properties or the monitoring of 

biogeochemical processes in the subsurface. 

An improvement of the IP method is the frequency-dependent complex electrical 

conductivity measurements, where the real part of the complex electrical conductivity is a 

measure of the ohmic conduction properties. The imaginary part represents polarization 

processes (Breede et al., 2012). The Spectral Induced Polarization (SIP) method allows for a 

more in-depth investigation of the electrochemical interactions between solutions and 

subsoil. The technique has also received important attention because of its potential 

application in hydrogeology (Slater2007). 

This thesis presents the application of spectral induced polarization (SIP) method in a 

controlled laboratory experiment using biochar as remediation agent and textile waste 

water (TWW) as the contaminant. TWW industry is a creator of a huge amount wastewater 

and in many cases the disposal is uncontrolled. The TTW ends up in the aquifer and soil. The 

SIP method has proved to be an important qualitative monitoring tool for assessing the 

environmental quality in contaminated lands. 
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1. Introduction 

 

1.1 Literature review 

In recent years the scientific community studies and tries to solve important contamination 

problems as uncontrolled deposition of wastewater in the subsurface, surface water and 

aquifer. Lots of techniques have been tested with dominant electric methods. 

Electromagnetic methods (radar) have also been used with significant results but for near 

surface applications.  Electrical methods can be classified in invasive and non-invasive 

methods or passive methods and active methods. Passive methods are those that use 

naturally electric fields on earth and active methods are those that caused by injection of 

electrical current in to the earth using electrodes. A passive technique is the Self Potential 

(SP) method. One of the most important uses of the method according Parasnis (1986) is in 

mineral exploration. Active electric methods include ERI (Electrical Resistivity Imaging), IP 

(Induced Polarization) and SIP (Spectral Induced Polarization). ERI it’s been the most popular 

electrical technique and it is caused by the injection of the electrical current and measuring 

the potential. The image is in 2D, 3D and sometimes to 4D and this is the reason that makes 

the method important. ERI has been used in salt water intrusion (Nguyen et al. 2009), 

characterization and monitoring of contaminant (Ntarlagiannis et al. 2016), mapping buried 

wastes (Tsourlos et al.2014). 

Over the past two decades IP (induced polarization) an electric method has been used for 

contamination surveys. The extension of IP is the Spectral Induced polarization an 

application that arose in biogeophysics for monitoring and characterizing surface and 

subsurface biogeochemical conditions (Atekwana and Slater 2009).  SIP is a method, which is 

used for hydro geological and environmental investigations (Revil et al 2012a). According a 

SIP overview by Kemna et al. (2012) who studied and correlated hydrological and 

biogeochemical properties with the spectral response, the authors suggested that SIP is a 

strong tool for characterization and monitoring in subsurface characteristics (pore and grain 

size, permeability, fluid chemistry, mineral precipitation, etc) at different environmental 

applications.     

They have been several applications in laboratory scale and in the field. SIP measurements in 

clayey soils, simple sand, sand clay mixtures. Ustra et al. (2012), used a SIP laboratory 

experiment to investigate the sensitivity of the method to toluene contamination in clayey 

soils and concluded that their results from the SIP signature are not satisfactorily for using 

the method for monitoring toluene contamination to clayey soils. Another approach for SIP 

measurements on saturated sand-clay mixtures says that a SIP property of polarization in 

saturated porous media has significant response (Breede et al. 2010). In another approach 

complex conductivity measurement in low frequency in peat samples shows those peats 
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produce a phase peak. In this survey they were able to correlate physical and chemical 

properties of several peat samples (Ponziani et al.2011) 

Very interesting conclusions came up from another study, laboratory survey for investigate 

the influence of pore fluid chemistry on complex conductivity and SIP response of BEREA 

sandstone (Lesmes et al 2001).  In their approach, “SIP parameters are related to the 

physiochemical parameters that control the surface conductivity response of rocks and 

soils”. 

1.2 Purpose of the thesis 

The purpose of the present survey is to exploit physicochemical changes between a 

contaminant and biochar in a closed chamber to get a Spectral induced polarization signal to 

create potential for geophysical monitoring tool.  

1.3 Structure of the thesis 

 

Chapter 2:  The second chapter describes the theory of the spectral induced polarization and 

the mechanisms which apart the geophysical method.  It also describes the contaminant we 

use, the decontamination agent and the main chemical reaction taken place during the 

experiment.  

Chapter 3: The third chapter contains the experimental set up including the instrumentation. 

Chapter 4: The fourth chapter describes the experiment, the preparation of the chambers, 

the saturation of the columns and the way we worked during the measurements. 

Chapter 5: The fifth chapter refers to the chemical measurements and their results. We 

present the adsorption tables and curves which export the chemical’s procedure. 

Chapter 6: The sixth chapter contains the most representative results from the geophysical 

measurements. It contains the main diagrams from processing of the raw data.  

Chapter 7: The seventh chapter refers to the interpretation of our results. Geophysical and 

Geochemical results put together and describe how chemical methods complement 

geophysics and the reverse. 

Chapter 8: In the eighth chapter I summarize the conclusions of my research. 
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2. Theory-Methodology 

 

2.1 Introduction 

Environmental and Near Surface Geophysics 

According Reynolds Geophysics is “The application of geophysical methods to the 

investigation of near surface biophysicochemical phenomena that are likely to have 

implications for the local environment.” Solid earth geophysics studies the interior of the 

earth (up to core) and near surface geophysics is concerned with upper crust. 

 Geophysical prospecting in the past century has shifted its applicability from mineral 

exploration, as it was used in the beginning of the 20th century to more environmental 

applications. Such applications are used to environmental pollution, aquifer characterization 

and definition of pollution at the subsurface, contaminant mapping and monitoring, 

Geohazards, geologic mapping and archaeology. The most applied methods are those based 

on the induction of electric current to the ground and measuring the voltage potential.  

Environmental sciences are well developed in our country.  Particularly, geophysical surveys 

performed on the soil surface (Lanz et al.1998, Benson et al. 1984) with purpose the long 

term monitoring of soil’s characteristic changes. Geophysical techniques are non-invasive or 

minimally invasive; provide accurate results because of their high spatial and temporal 

resolution and relatively low cost. They can also have been used by remote monitoring and 

operation to study soil properties applicable to geology, environments chemistry, 

environment engineering and geochemistry.   The most commonly suggested methods for 

detection of pollutants in the subsoil are the electrical research methods as IP,SIP, ERI, 

SP(Cartwrigth and McComas 1968; Warner 1969; Stoller and Roux 1973; Klefstad 1975; 

Barker 1990; Ross et al.1990; Carpenter et al. 1990; Naudet et al. 2003,2004),due to their 

sensitivity in conductivity contrast (Meju 2000b;Tsourlos et al.2014). 

At the end of the century a non-invasive electrical method called Induced Polarization in 

time domain was applied for the characterization of mineral deposits. Nowadays it is also 

used for the characterization of hydraulic properties of the monitoring of biogeochemical 

processes in the subsurface.    

It has been observed that there is illegal wastewater deposition in land fields and aquifer.. 

Geophysical methods can be used in such cases to find out the pollution boundaries, and 

characterize the soils properties receiving the load. For more accurate results for the type of 

the pollution, borehole sampling can be used. They procure continuous profiles and point 

measurements and give tomographic images. They can be applied in single boreholes, cross-

borehole and multi-borehole configuration (Rubin and Hubbard 2005a; Reynolds 2011). 
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The electrochemical interaction between electrolyte and the mineral surface in the presence 

of the waste has grown interest (Sauck et al. 1998; Abdel et al. 2004; Kemna et al. 2004), due 

the electrical resistivity’s property to be very sensitive to chemical composition of fluids, the 

soil’s porosity and the degree of saturation (Waxman and Smits 1968). The Induced 

Polarization method is used to operate physiochemical characteristics in environmental 

monitoring. Also dielectric permittivity (εr) has recently been studied because of its 

relationship with imaginary conductivity due to the possibility to express electrical 

properties of the soil (Prodan et al. 2004). Joyce (2007) suggested that the SIP method is 

sensitive to environmental contaminants (nanomaterials, hydrocarbon) in natural systems, 

but also to the physiochemical changes in the sediments resulting from contamination. 

Surveys mentioned above suggest that the SIP technique, an extension method of IP whose 

theory is described in the following pages, is proper to monitor environmental pollution in 

the subsurface.   

The scientific community knowing the advantages of geophysics (fast results, financial 

interest, and high spatial and temporal resolution) decided the development of 

Biogeophysics improving the methods already existing for monitoring environmental 

pollution. 

Biogeophysics enables correlation between geochemical analyses and parameters calculated 

from the geophysical methods. Biogeophysical methods record changes in geophysical 

parameters and they are interpreted as geochemical and biological environment changes 

that happen at the subsurface due to the presents of waste. 

Biogeophysical methods  were introduced by Rutgers University and Oklahoma State 

university researchers (Williams et al. 2005;Ntarlagiannis2007;Persona et al.2008; 

Ntarlagiannis and Ferguson 2009; Atekwana and Slater, 2009; , Slater 2006,2007a,b,2009;). 

 

2.2 Induced Polarization (IP) 

 

To understand the Spectral Induced Polarization (SIP) method it is necessary to explain the IP 

mechanisms. SIP is the extension of Induced polarization and the main difference between 

them is that in SIP we measure in the frequency domain.  

Electrical methods apply electrical current through the subsurface using two electrodes for 

current injection and two electrodes for measure voltage potential. Once it is shut off 

abruptly, the voltage does not reach zero value at once. It decays exponentially with time 

and takes several seconds until it reaches zero. This is due to the property of the soil to act 

as a capacitor and store electric charge. Induced polarization is taking place due the 

electrochemical reactions. It can be produced between mineral grains in the soil or voltage 
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potential between contact surfaces of rocks with electrolytes. Using the IP method, we can 

measure polarization and chargeability (Papazachos 1986). 

 

Figure 2.1 Induced Polarization IP signal in time domain. According the diagram, the trend 

change in the electrode with time and when the current is shut down abruptly it decays 

exponentially with time until it reaches zero value (Papazachos 1996). 

 The phenomenon of the induced polarization caused by electrochemical reactions in the soil 

and two different reactions appear as the mechanism is working. The first is the polarization 

of the electrodes, caused by metallic granules present in porous rocks. When we inject 

current in the soil the granules are encircled by positive and negative ions and in the sides of 

the minerals counter ions appear. When we stop the current injection the granule acts like 

an electrical source and the current decays exponentially with the time. 
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Figure 2.2 Polarization of the electrodes (GeoSci Developers, Creative Commons Attribution 

4.0 International License). 

 

The second source is the membrane polarization without geophysical interest and it acts like 

noise.  

 

 

Figure 2.3 Membrane Polarization (GeoSci Developers, Creative Commons Attribution 4.0 

International License). 

 

 

 

2.3 Spectral Induced Polarization (SIP) 

 

The SIP method has been used in recent years for contaminant monitoring and remediation. 

The method has been shown that it is sensitive to the physiochemical changes as a result of 

the contamination in a porous material. Spectral induced polarization (SIP) is initiated as the 

traditional IP method but the measurements are represented by a complex conductivity in a 

range of frequencies. There are a few mechanisms, which are taking place during the 

measurements as electrochemical polarization such as the Maxwell-Wagner polarization and 

the electrical Double Layer. The mechanisms are depended on the frequency magnitude and 

the nature of the material involved. 

 

 Complex conductivity is given by, 

                                               (2.1)  
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Where 

ρ(ω) : complex resistivity 

ω:angular  frequency 

(2.2)                                                                                                                                   

In the complex conductivity method we measure the magnitude, 

(2.3) 

And the phase angle, 

φ   (2.4) 

In a range of frequencies and after following the equations above, we can calculate the real 

and the imaginary conductivity. The real conductivity (σ’) represents ohmic conduction 

which is the energy loss and the imaginary conductivity (σ’’) represents polarization which is 

the energy storage, to guide current in the soil. 

In addition, real conductivity represents the reaction between the fluid chemistry and 

surface conductivity. Imaginary conductivity is electrical polarization between the interface 

and porous between the grains. 

The phase shift concerns the reaction between the sediment and the current.  

 

2.4 Complex resistivity in frequency domain 

In the graphs above, we presented the method by physical view. We explained what 

happens during the current injection in field measurements. The method works exactly the 

same way even in controlled laboratory work. 
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Figure 2.4 Four electrodes in the soil, two for current (c) and two for potential. The 

arrangement of the electrodes is dipole-dipole (Slater 2014). 

 

 

Figure 2.5 The graph shows one of the current frequencies which it has the same frequency 

with voltage as time changes. The time change with the phase lag (φ) is measured 

(Slater2014). 
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2.5 Mechanisms  

During the SIP measurements a few mechanisms take place as :(i) electrochemical 

polarization and (ii) Maxwell-Wagner (MW) polarization (Leroy et al.2008, Leroy and Revil 

2009) and (iii) electrical double layer (EDL) which is the main mechanism for the 

measurement in this thesis. 

2.5.1 Electrochemical Polarization 

Electrochemical polarization arises from the polarization of the ions in the electrical double 

or triple layer at the grain-electrolyte interface. 

2.5.2 MW polarization 

Maxwell-Wagner (MW) polarization appears at the interfaces and discontinuities between 

the faces of a composite medium as the charges pile up during the change of the electric 

field. Most of the time the electrochemical polarization prevails at lower frequencies and 

MW can prevail at higher frequencies. The fases in the porous composite are different and 

they have different conductivities and different permittivity’s (Leroy et al 2008; Leroy and 

Revil 2009). 

2.5.3 EDL 

The double layer is a structure that appears when the rock is exposed to the electrolyte. 

There are two parts of the electrical double layer, the inner part, which is the Stern layer, 

and the outer part which is the diffuse layer. 
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Figure 2.6 Electrical double layer, diffuse and Stern layer (Slater 2014). 

The electrical double layer is controlled by Tortuosity. Tortuosity is defined as the fluid 

diffusion in a porous media. While a fluid diffuses in soil, it follows the easier path to fill the 

porous media. The fluid moves between the rocks and creates the EDL while it comes in 

contact with the rocks.    

 

Figure 2.7 Tortuosity in a porous media. The yellow shows the way followed by the fluid in 

the soil (Slater 2014)  

 When the EDL is polarized, a frequency dependent complex surface conductivity appears. In 

the EDL, the migration and the polarization of the ions are checked by the frequency 

response of the complex conductivity. When you add in parallel the bulk electrical 

properties of the sample you use with the complex surface conductivity, the response of the 

sample you get is, 

σ  * =(σbulk  + iωκ∞ε0   ) + [σ ‘ surf (ω) + iσ’’ surf(ω)](2.5) 
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When 

σbulk=the low frequency conductivity and 

κ∞ = high frequency dielectric constant 

 

 

Figure 2.8 Circuit model of the electrical response (Vinegar and Waxman, 1984). 

 

The bulk granules properties σbulk and theκ∞ are independent from the frequency and they 

refer to the bulk grain sample. They are also given by the Hanai-Bruggeman theory (Sen et al 

1981) which describes the low frequency conductivity response given by the Archie’s law 

(Archie 1942) 

σbulk= σwφ
m                                                                (2.6) 

where, 

σw= solution conductivity 

φ= porosity 

m =cementation index (grain shape) 
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2.6 Contaminant Used - Textile Wastewater 

 

Inorganic contaminants are compounds found in water and most of them are manmade 

through industry and agriculture or are natural made by the environment. These compounds 

are dangerous for the public health when they deposited without processing in the 

environment. We chose textile wastewaters (TWW) pollutants because they are broadly 

produced by textile industries. SIP method has been used as detection method of inorganic 

contaminants. The textile industry produced huge amount of wastewater.  The textile 

wastewaters (TWW) are aqueous solutions with processed industry dyes. According 

researches (Paul et. al 2012), these effluents contain chemicals (acids, dyes, alkalis) which 

cause serious environmental pollution. The main characteristics of textile wastewater are 

strong color (red, brown, blue, purple black) and at the industry process during the day it is 

possible to change many times the color. The TWW color is the main negative impact for 

aquifer because of the absorption and reflection of sunlight in the water. If the TWW 

relished into the environment without processing, mainly by removing the dyes it has a huge 

impact at the photosynthetic activity. Dyes have the ability to remain in the environment for 

a big period because they are photo stable compounds. Another reason why textile 

wastewater requires treatment it is the degradation of the water quality related to acute 

and chronic effects. 

This    type of effluents can be treated by advanced processes (Fenton, 

photocatalisys), physicochemical methods (filtration, adsorption, and ion exchange), 

chemical methods (like ozonation, permanganate) and biological methods (aerobic and 

anaerobic decomposition). 

Another characteristic of TWW with strong negative point is pH, caused by the 

variety of dyestuff, pH fluctuates between 2 and 12(Gurnham, 1965). The variation of 

dyestuff also causes fluctuation of COD and BOD. 

According (Lin and Lin 1992) TWW are categorized in 3 types of COD: 1.high strength 1600 

mg/lt 2.medium strength between 1600mg/lt-800mg/lt and 3.low strength lower than 

800mg/lt. 
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Figure 2.9 TWW with strong red color (China daily Reuters). 

 

2.6.1 Reactive Red 120 

In this thesis we chose to use the dye Reactive Red 120 (RR120) because it was the most well 

defined dye widely used in other similar experiments. The linear formula of the dye is(C44 

H24 C12 N14 Na6 O20 S6) and the molecular weight 1469.34 g/mol.  This dye is easy to apply in 

cellulosic fibers, wool and nylon. 

 

Figure 2.10 The chemical molecule of RR120 

https://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ve

d=0ahUKEwiqv7uogYjQAhWEPZoKHfR5CgYQFgghMAA&url=http%3A%2F%2Fwww.sigmaaldr

ich.com%2Fcatalog%2Fproduct%2Fsigma%2Fr0378&usg=AFQjCNG6pY6RGJyIeCWBIrvXXLYGi

F1wBg) 

       Reactive is a dye that operates with structure and reacts chemically with the substrate. 

Rattee and Stepheness (1954) have discovered the reactives at the Imperial Chemical 

Industry (ICI) in UK in 1954.   

  

        The efficient method for mineralization and decolourization of RR120 is the WAO (wet 

air oxidation) process that contains ozonation, photocatalysis and adsorption with natural 

material. It also contains gamma radiation and electrochemical degradation. 

https://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiqv7uogYjQAhWEPZoKHfR5CgYQFgghMAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fr0378&usg=AFQjCNG6pY6RGJyIeCWBIrvXXLYGiF1wBg
https://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiqv7uogYjQAhWEPZoKHfR5CgYQFgghMAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fr0378&usg=AFQjCNG6pY6RGJyIeCWBIrvXXLYGiF1wBg
https://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiqv7uogYjQAhWEPZoKHfR5CgYQFgghMAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fr0378&usg=AFQjCNG6pY6RGJyIeCWBIrvXXLYGiF1wBg
https://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwiqv7uogYjQAhWEPZoKHfR5CgYQFgghMAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fr0378&usg=AFQjCNG6pY6RGJyIeCWBIrvXXLYGiF1wBg
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                                                                                2.7 Decontamination agent - Biochar 

The purpose of the experiment from physicochemical view is the discoloration of the 

effluent through the adsorption with biochar. Biochar is a solid heterogeneous substance 

produced by biomass pyrolysis.  The IBI (International Biochar Initiative) term is “biochar is a 

solid material obtained from the carbonization of biomass”. It has lots of uses such as tillage, 

building materials, water remediation, as a plant nutrition and in textile industry due its 

physicochemical properties. Biochar has several applications in organics remediation, 

phenols removal (Karakoyun et al. 2011; Kasozi et al. 2010), pesticides and polynuclear 

aromatics removal (Klasson et al 2013; Chen and Chen 2009), solvents removal (Chun et al 

2004) and color/dye removal that is the issue of this work.   

As mentioned above, biochar produced through pyrolysis process. Pyrolysis is the 

thermal decay of biomass in the absence of oxygen and it depends on operating conditions 

such as temperature, heating time and vapor residence time. There are six types of Pyrolysis 

(1) slow Pyrolysis, heating temperature about 500 oC from 5 to 30 min, (2) fast  Pyrolysis, 

heating temperature of biomass in a range of 850-1300 oC and vapor residence from 1 to 10 

s, (3) flash Pyrolysis, very high temperature in a very short period of time, (4) vacuum 

Pyrolysis, procedure in low pressure and oxygen absence (5) intermediate Pyrolysis (6) 

Hydrolysis. 

The IBI has proposed a classification for biochar based in carbon content. Class 1 

biochar (60% carbon or more), Class 2 biochar (between 30-60% carbons) Class 3 biochar 

(between 10%-30% carbon). 

The origin of the feedstock includes variety, but predominant materials are usually 

wood and straw. Biochar more common characteristics are, concentration of elemental 

constituents, density, porosity and hardness (Spokas et al. 2012). The blend of biomass was 

pyrolyzed with PYREG 500-III Pyrolisys units (PYREG GmbH, Dorth, Germany) by Swiss 

Biochar (Lausanne, Switzerland), Sonnenerde GmbH (Riedlingsdorf,Austria) and PYREG 

GmbH produce BC1,BC2,BC3. In this thesis, we used biochar (BC1) from wood chip 

production with slow pyrolysis (20 min at 620 oC). 
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Figure 2.11 Biochar (BC1) after 2mm sieve treatment. 

 

The main ingredient is the organic carbon through which we can identify biochar’s type. 

Below there is a table of the concentrations of the most important elemental constituents of 

(BC1). The organic matter varies from feedstock and pyrolysis conditions. 

Biochar is chosen instead of active carbon for economy reasons, it has lower production 

cost, fewer production steps and in most cases exactly the same results as an adsorbent 

Table 2.1 BC1 carbon used for our experiment was fully characterized by  Bachmann et al., 

(2016)(http://pubs.acs.org/doi/abs/10.1021/acs.jafc.5b05055)  

Group Paramet
er 

sam
ple 

unit Mean 
value 

Refere
nce 
value 

Number of  
Labs   
results 

Reproducibili
ty SD 
Absolute   
relative 

Horwitz  
function 
Value   ratio 

Repeability 
SD 
Absolute 
relative 

CHNOS 
& ash 

C BC1 % 81.9 81.2 14   
35 

5.2           
6.4% 

1.7             
3.1 

2.0               
2.4% 

 H BC1 % 1.48 1.19 10 24 0.31        
21.0% 

0.06          
5.5 

0.12             
8.2% 

N BC1 % 0.35 0.42 13                 
36 

0.21        
59.3% 

0.02         
12.4 

0.02             
5.6% 

O BC1 % 5.8 3.8 4                      
9 

2.0          
35.3% 

0.2            
11.5 

0.2               
2.9% 

S BC1 % 0.042 - 4 13 0.067      
160.6% 

0.003        
22.3 

0.067          
160.6% 

S_ICP_OE
S 

BC1 % 0.02 0.02 5                   
10 

0.02         
112.2% 

0.00           
21.0 

0.00            
6.9% 

Ash BC1 % 11.35 13.30 14           25 3.58          
31.5% 

0.31           
11.7 

1.04            
9.5% 

Main 
elemen
ts 

P BC1 mg/k
g 

765 870 5                   
11 

152           
19.8% 

45              
3.4 

3                 
0.4% 

  
K 

BC1 mg/k
g 

6’763 9’400 8 19 4’144        
61.3% 

287            
14.4 

111            
1.6% 

Na BC1 mg/k
g 

103 690 8 19 52            
50.5% 

8                
6.3 

8                
7.8% 

Mg BC1 mg/k
g 

1’724 2’320 8
 
19 

489         
28.4% 

90              
5.4 

25             
1.5% 

Mn BC1 mg/k
g 

301 - 7 18 66            
22.0% 

20              
3.2 

5               
1.5% 

Cu BC1 mg/k
g 

21’70
5 

33’700 8                   
19 

14’083     
64.9% 

773            
18.2 

629          
2.9% 

Fe BC1 mg/k
g 

1’087 1’840 8                   
19 

492           
45.3% 

61              
8.1 

38            
3.5% 

http://pubs.acs.org/author/Bachmann%2C+Hans+J%C3%B6rg
http://pubs.acs.org/doi/abs/10.1021/acs.jafc.5b05055
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                                                                                                                                    2.8 Adsorption 

The experiment we chose to perform it includes a contaminant, the textile wastewater and a 

remediation agent, biochar. The geophysical method we used is Spectral Induced 

Polarization (SIP). The purpose was to examine if there is a SIP signal during the 

decontamination procedure and study the ability of SIP as a monitoring tool. The chemical 

procedure that took place into the experiment chamber was the adsorption.    

Increase in the concentration of a substance at the interface of a condensed and a liquid or 

gaseous layer owing to the operation of surface forces called adsorption (IUPAC definition). 

Adsorption is the adhesion of atoms, ions or molecules from liquid to a surface. For the 

experiment described the surface is biochar (BC1) and it is sensitive to toxic pollutants. The 

binding forces between atoms, molecules and ions are stronger during the adsorption at 

surface or interface (Robert, 1989). 

 

 

Figure 2.12 Adsorption mechanisms (Junior Golden. Heterogeneous catalysis, lecture 9) 

Further 
param
eters 

pH BC1  9.91 8.3 19                 
44 

0.56         
5.7% 

-             - 0.03         
0.3% 

 EC BC1  1’203 989 13                  
33 

826        
68
.7
% 

 -           - 31              
2.6% 

SSA BC1  316.0 224.8 8
 
13 

58.3         
18.5% 

-             - 0.4             
0.1% 
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There are two types of adsorption: 

1. Physical adsorption: there is no electrons exchange between the solid and the fluid 

material and the adsorption is happening due the Van der Waals forces and 

hydrogen binding. 

2. Chemical adsorption: it is about reaction of electrons between the adsorbed species 

and the adsorbent. The result of a chemical adsorption is bond stronger and more 

stable. 

 

Figure 2.13 Physical vs chemical adsorption (Bartiomiej Gawel 2016) 

 

Since we know the adsorptive capacity of biochar we used it as adsorbent in the experiment. 

During the adsorption in the chamber from the RR120 aqueous solution to biochar the 

purpose of the experiment is to record the SIP response associated with adsorption. During 

the geophysical measurements, we took samples of the fluid and at the same time in the 

laboratory of chemistry we measured the adsorption in the spectrophotometer.   

 

                                                                                                               3. Experimental Set Up 

 

3.1 Instruments 

The whole experiment was constructed from the begining. A portable SIP field/lab unit with 

2 current and 6 potential channels, by Ontash company 

(http://www.ontash.com/products.htm) used for this research work. 

http://www.ontash.com/products.htm
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Figure 3.1 Portable SIP field/lab unit. 

The instrument has the ability to measure the electric current at two injection channels at 

the same time and eight potential channels at different combinations. 

The columns have three connecting valves from the one side for sampling or inject 

contaminant and five receptors to the other side for the potential electrodes. In the top and 

the bottom of the column, there are valves for the inflow fluid and the current potential 

electrodes. 

 

Figure 3.2 Schematic of the column used (Kirmizakis 2016). 
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Figure 3.3 The experimental chamber and the current/potential electrodes used are shown. 

Moreover, the valves at the bottom and on the top of the chamber for inflow and outflow of 

the contaminant used are also presented. 

 

The pure silver electrodes were turned in non-polarized (Ag/AgCl) with the method of 

immersion in chlorine. It was necessary to be nonepolarized to minimize potential electrode 

polarization (Vanhala and Soininen 1995; Ulrich and Slater 2004). 

 

Figure 3.4 Silver- silver chloride electrodes (Ag/Ag-Cl) 
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3.2 Calibration measurements 

Within the preparation of the experiment, calibration measurements were performed. The 

purpose was to calibrate the instrument with each column and to calculate the geometric 

factor. Columns during the calibration measurements were filled only with the standard 

solution. 

For the calibration measurements, we used three aqueous   KCL standard solutions with 

different concentrations. Each column was calibrated with the 3 standard solutions. The 

preparation of the solution was made in Chemistry’s laboratory (TEI CRETE) according to the 

method ASTM D1125-95. We measured voltage potential in 4 different electrode 

combinations (P1-P2), (P3-P5), (P1-P4), (P1-P5) and the results are represented by the 

diagrams below. After the end of every set measurement, we have been collected a small 

amount of the solution to measure its conductivity. 

Table 3.1 Composition of standard solutions according to ASTM D1125-95 method. 

Conductivity Molarity Tolerance (at 25°C) 

147 μS/cm 0.001 M ± 5 μS/cm 

1413 μS/cm 0.01 M ± 12 μS/cm 

12.88 mS/cm 0.1 M ± 0.11 mS/cm 

 

Table 3.2 Aqueous KCL Standard solutions- concentration  

 

 

 

 

Conductivity Molarity Quantity of KCL (gr/L) 

70 μS/cm 0.00047 M 0.035 gr/L KCl 

300 μS/cm 0.002 M 0.14 gr/L KCl 

900 μS/cm 0.0061 M 0.45 gr/L KCl 
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Figure 3.5 Calibration measurements with KCL standard solution. 

 

 

 

The Geometric factor can be calculated by the graph of the fluid conductivity to conductance 

                             (3.1) 

 

 

Moreover, by having the inverse of the slope and replacing it in the equation above we are 

in place to calculate the real fluid conductivity (μS/cm). 

 

                   (3.2) 
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Figure 3.6 Calculation of geometric factor for one of the used columns, lines for all electrode 

combinations. 

 

 

 

 

 

 

 

4. Laboratory measurements                                    

 

 

4.1 Column preparation 

For the experiment, we used biochar (BC1), Ottawa sand as buffer zone and aqueous 

solution RR120. Since we did not know the optimum mixture of biochar and sand for the 

best SIP signal, it was necessary to try different mixtures. Each column had its twin, except 

the reference column that was filled only with Ottawa sand. Ottawa sand it is standard sand, 
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clear, homogeneous and inert material.  Meanwhile in chemistry laboratory we prepared the 

RR120 aqueous solution with concentration 100mgr/lt and inflow conductivity 940 μS/cm. 

The experiment was duplicate, not only because of the existence of the second identical 

column but also because every measurement set originated from two combinations of 

potential electrodes. Therefore, if for some reason data from one combination was lost 

there was raw data from the other one.   

 

 

 

 

 

Table 4.1 Mixture by volume 

 

 Content 100% Content 10% 

(By volume (%) 

Content 20% 

(By volume (%) 

Biochar 100 10 20 

Ottawa sand 0 90 80 

Total Mixture  100 100 100 
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Figure 4.1 Columns with 10% biochar concentration.  

 

Figure 4.2 Data acquisition using two different potential electrodes combinations (duplicate 

measurements). 
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Figure 4.3 Liquid filling 

 

 

 

4.2 Experimental set up. 

Starting the experiment setup, we checked if the small filing pipes were clean and we started 

the flow to check first if there were any bubbles in the pipe. Bubbles in the chambers MAY 

block the SIP signal. After the in situ measurement of the inflow conductivity, the columns 

were fully saturated with the contaminant fluid. 

The filing flow was very slow to avoid channeling in the chamber as the fluid was going in the 

top of the column. Any dissimilarity between the grains it may disturb the system’s balance. 

The last step before turning the instrument on and starting the measurements was to check 

with the conductivity meter and the voltage potential electrodes to ensure closed circuit in 

all combinations. The electrode combinations we used for the main experiment was (P1-P5) 

and (P2-P4), the distance between the electrodes was 0.06m and 0.12m respectively. The 

electrode P3 was left as a spare. 

We separate the experiment process in two parts namely dynamic and semi-static mode. 

We decided the dynamic mode as a simulation of a filter in the end of a tap sink. We created 

a continuous slow flow from the bottom to the top of the chamber and we performed an 

experiment set for 12 hours. We collected samples from outflow fluid every 10 minutes with 

in situ conductivity measurements (tables in appendix). 
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 The frequency range was from 0.01 Hz-10000Hz for biochar concentration 10% and 20% 

and from0.1Hz-10000Hz.for biochar concentration 100%  

In semi-static mode, we also created continuous flow from the bottom to the top of the 

chamber but we stopped the flow in every measurement loop. So the RR120 water solution 

had a remain time to react with biochar in the chamber before collecting the outflow 

sample. After the sample collection at the end of the loop we continue the flow. The 

frequency range is exactly the same way as for the dynamic mode. Samples in both cases 

end up in chemistry laboratory for adsorption measurements. 
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Figure 4.4 The collected raw data and a preliminary processing are shown. 

 

                                                                                              5. Chemical Analysis  

 

During the geophysical measurements, we took samples of the fluid and at the same time in 

the laboratory of chemistry, we measured the adsorption in the spectrophotometer. The 

Reactive dye (RR120, Sigma Aldrich) is detectable in λmax=535nm.  

 

Figure 5.1 Typical samples from the experimental outflow. 
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Figure 5.2. UV mini 1240, UV-VIS spectrophotometer.SHIMADZU 

(https://www.google.gr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&v

ed=0ahUKEwjn4Z3Nq7rUAhVDAcAKHcSxACEQFgguMAE&url=http%3A%2F%2Fwww.ssi.shim

adzu.com%2Fproducts%2Fproduct.cfm%3Fproduct%3Duvmini&usg=AFQjCNEq44TvMpYfLP0

62K34Z0P_WITAyw) 

 

5.1 RR120 Calibration of spectrophotometer 

Before starting chemical analysis it was necessary to calibrate the instrument with the 

solution we were going to use in a range of concentration. The calibration curve was made 

with five standard RR120 solutions of different concentrations (10, 20, 50, 80,100 mg/L). 

 

Calibration tables and Curves 

 

Table 5.1 Absorbance results for RR120 (λ=535nm) Columns C1-C5  

 

absorbance mg/L (ppm) 

0,211 10 

0,424 20 

1 50 

1,691 80 

2,052 100 
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Figure5.3 Calibration curve for the RR120 aqueous solution. (Columns C1-C5)  

 

 

Table 5.2 Absorbance results for RR120 (λ=535nm) (Columns C6-C7) 

 

absorbance mg/L (ppm) 

0,211 10 

0,424 20 

1 50 

1,691 80 

2,052 100 
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Figure 5.4 Calibration curve for the RR120 aqueous solution. (Columns C6-C7)  

 

5.2 Adsorption results  

 

Tables 5.3 Results of the adsorption for all the columns used. 
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5.3 Adsorption curves 

 

Figure 5.5 Column 1(reference) - column 5(10% biochar) 

 

 

Figure 5.6 Column 6- column 7 (20% biochar) 
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Figure 5.7 Column 2 (100% biochar) 

 

 

 

 

                                                                                                               6. RESULTS 

 

In this chapter, we present the processed preliminary results for all the used columns in two 

different electrode combinations for each column. The distance between P1-P5 is 0.12m and 

between P2-P4 is 0.06m.For every column we have results from 24 loops except column 2 

and we export diagrams for phase response, real and imaginary conductivity for the two 

different electrode combinations. To end up in the preliminary results we show frequency, 

magnitude and phase shift graphs. 

 

Column 1(reference) 
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Figure 6.1 Phase, imaginary and real conductivity for column 1 and P1-P5 electrode 

combination. 

 

 

Column 5(10%biochar) 
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Figure 6.2 Phase, imaginary and real conductivity for column 5 and P1-P5 electrode 

combination. 

 

Column 6(20%biochar) 
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Figure 6.3 Phase, imaginary and real conductivity for column 6 and P1-P5 electrode 

combination. 

 

Column 7(20%biochar) 
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Figure 6.4 Phase, imaginary and real conductivity for column 7 and P2-P4 electrode 

combination. 

 

Column 2 

(100%biochar)
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Figure 6.5 Phase, imaginary and real conductivity for column 7(100%biochar and dionised 

water) and P2-P4 electrode combination. For the experiment with dionised water we had 12 

loops. 
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Figure 6.6 Phase, imaginary and real conductivity for column 7(100%biochar and RR120) and 

P2-P4 electrode combination. For the experiment with RR120 we had 15 loops. 

 

More diagrams for different combinations in another loop of a column are given in the 

appendix.  

 

7. Interpretation 

 

Qualitative and not quantitative interpretation was performed due to limited 

knowledge on how the decontamination process is working. For an integrated view 

regarding the chemical mechanism and its SIP response we suggest combined 

geophysical and geochemical analysis.   

 

 

7.1 SIP Interpretation 

 

Results of the use of the SIP method are presented. The first diagram concerns the 

frequency IP response and the accuracy of the SIP instrument. The phase sensitivity 

of the instrument according to the manufacturers is 0.5mrad. In the diagram below 

the phase ranges from 4-12 mrad for all frequencies and exceed the sensitivity of the 

instrument. The diagram below describes the phase for different frequencies and all 

the loops. The colored lines denote different loops. Within the circle we observe a 

peak frequency shift, which is an indication of the degradation procedure.   
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Figure 7.1 Temporal evolution for column 20% biochar+RR120. Peak frequency shifts 

towards higher frequencies. Average peak frequency 0.7Hz.The phase follows the 

degradation procedure.  

 

Next we compare measurements for RR120 and dionised water (Fig. 7.2). From the results, it 

is clear that the mentioned above SIP signal is recorded only when the column is filled with 

TWW. Namely, there is a peak frequency change in the RR120 diagram and no change in the 

dionised water diagram. It clearly shows that the SIP method responds when we use a 
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conductive fluid. During the measurements using the TWW, the adsorption mechanism is in 

progress as remediation process and it can be detected. The peak frequencies at RR diagram 

is time dependent. The peak frequency occurs in a range of frequencies and for every peak 

frequency we can detect different phase of the chemical procedure.  

 

RR120 

 

Dionised water 

 

Figure7.2.Phase versus frequency diagrams show that there is a phase change in the RR120 

diagram and no change in the water diagram.. 
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In the diagrams below we show resistivity, phase, real and imaginary conductivity as a 

function of time or iteration for selected frequencies. Red line corresponds to RR120 and 

blue line, to the water. We chose peak frequency at 1Hz because this is the peak frequency 

for the 100% biochar experiment, where the column was either filled  with dionised water or  

TWW. 

 

Figure 7.3 Column 100% biochar (RR & Water)-imaginary & real conductivity, phase and 

resistivity change at 1Hz.Clearly different phase magnitude and distinctively different trends. 

 

Then, a dominant frequency (63Hz) was selected from the column with 10% biochar and we 

observe phase changes with the iteration. In every data set we chose the frequency with the 

clearest frequency trend. 

 

 

Water 

RR120 
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Figure7.4 10% Biochar, Phase, Imaginary & Real conductivity, Resistivity change at PF: 63Hz. 

 

 

7.1.1 Frequency dependence 

 

From the results so far we conclude that the degradation process is a frequency dependent 

phenomenon. We are going to present diagrams for column 2 with 100% biochar which 

show how phase changes in a range of frequencies for dionised water and RR120. There is 

distinct diversification for the SIP signal between the two fluids.  
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Figure 7.5 Diagrams for five selected 

frequencies for column 2 (100% biochar) .Blue 

lines is the response for dionised water and 

red line for RR120. 

 

 

For selected frequencies we observe different phase trend for water and RR solution.  
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7.2.2 Comparison geophysics vs geochemical 

A consistency between the geophysical monitoring and the geochemical analysis was 

observed. The next diagram describes the dynamic condition for 10% biochar and RR120 

namely we present phase and RR concentration as a function of time (iteration) in the case 

of a constant fluid flow. The red line shows the RR concentration, the black line the SIP signal 

and the dashed line is the running average of the latter. Within the dashed ellipse there is an 

agreement between geophysical and geochemical measurements, namely  both techniques 

encounter  the maximum change during this time period.  

 

 

Figure 7.10 Integration of geophysical measurements with geochemical analysis Ellipse 

spotted the time that, we observed the maximum change of the phase and RR 

concentration.  

 

 

 

In the diagrams below for column 6 (20% biochar) and both modes (semi static and dynamic) 

we have even more encouraging results. The difference was in the biochar mixture, we had 

larger compared to column 5 biochar concentration so bigger adsorption ability. We present 

phase and concentration with time in minutes. The red line is RR concentration, the black is 

the SIP signal and the dashed line is the runnings average for the SIP. From the graphs, we 

conclude that we can detect with the SIP method the chemical procedure. This diagram 

shows clearly that the fluid starts to saturate the chamber, then it comes in a balance with 

the biochar mixture after 150minutes and then adsorption procedure starts. In the dashed 
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ellipse is the point that is the maximum of the phase change and the point that we have the 

maximum adsorption. After 400 minutes it seems to reach equilibrium and the inflow fluid it 

is outflow as well. The peak frequency for the semi static mode was 10Hz and for dynamic 

mode 1Hz. From the experiment with the two different flow conditions we conclude that the 

remain time of the fluid in the chamber in reaction with biochar does not affect the sorption 

mechanism. Biochar has a specific area which can adsorb particular amount of the 

contaminant, when the specific area of the grains is full of the chemical groups it can absorb, 

the procedure stops. 

 

 

Figure 7.11Temporal evolution of the phase magnitude. The phase shift follows contaminant 

concentration decrease. Semi static. (10Hz) 

 

Figure 7.12 Temporal evolution of the phase magnitude. The phase shift follows 

contaminant concentration decrease. Dynamic mode. (1Hz) 
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Next diagram shows results from the experiment with 100% biochar in dynamic mode for 

peak frequency of 1Hz. Although we achieved maximum adsorption, the SIP signal was not 

so clear. In the figure 7.13, we present the temporal evolution for the phase magnitude. In 

this diagram, we can see the different trends for the two fluids, the conductive and the 

dionised water. The maximum adsorption at a rate almost 85% at 250 min to 450 min does 

not agree with the recorded phase from the geophysical method. In order to explain this 

observation we propose the application of geophysical data processing techniques such as 

Debye decomposition as well as FTIR analysis of existing samples from the inner of the 

chamber as well. 

 

 

 

Figure 7.13 Temporal evolution of phase magnitude for 100% biochar (content). Dynamic 

mode in peak frequency 1Hz. 

We achieved maximum adsorption and TWW decoloration after 20 minutes in dynamic 

mode (Fig 7.14). Even for a short remaining time of the TWW in the chamber, the 

decoloration was achieved. 

? 
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Figure 7.14 TWW before and after treatment. 

 

 

                                                                                                        8. Conclusions 

The SIP method can be a reliable tool for monitoring inorganic contaminant. It has the ability 

to take measurements in a wide range of frequencies so it is possible to can detect inorganic 

or anorganics contaminants. 

From the calibration measurements we notice that the method is sensitive to conductive 

and resistive fluids which encounter small deviations in dissolved particles concentration. 

Biochar was successful in removing the RR120 from the aqueous solution. Chemical analysis 

showed that a considerable amount of the wastewater adsorbed on biochar. Table 8.1 

shows that the adsorption is directly related to biochar’s concentration in the column, and 

flow conditions do not affect the reaction. 

Table 8.1 Contaminant removals in percentage are depended on biochar’s amount in the 

chambers. 

Biochar concentration  Adsorption  

10 %  16 %  

20 % - semi static  37 %  

20 % - dynamic  38 %  

100 %  84 %  
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According to the presented experiments, there is consistency between the measurements, 

indicating that the results are reliable. A similar trend with a constant drift is observed in 

phase-time diagrams for water and the TWW the phase being larger for TWW. TWW 

response has been detected, and is characterized by a strong spectral signature. 

Very significant conclusion for the TWW/dionised water comparison is that water resistivity 

increases with time while TWW resistivity decreases with time. Thus geoelectrical behavior 

appears to be different between dionised water and TWW. 

Increasing biochar’s concentration in the chamber, the adsorption ability increases too, but 

there was no difference in adsorption’s ability for dynamic or semi-static mode conditions. 

The experiments presented here showed that the SIP method is a potential monitoring tool 

for remediation processes.  
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Appendix A 

Instrumentation 

 

Figure A.1 Portable SIP field/lab Unit 

 

Figure A.2Instrunments inner diagram. (http://www.ontash.com/products.htm)(Kirmizakis 

2016) 
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Figure A.3 starting menu of the instrument. This is the page that you define the 

measurements parameters. 
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Figure A.4 Worksheet of primary results processing. 
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Figure  A.5 Calculation of geometric factor for column 7 and electrode distance 0.6m. 

 

 

 

Figure A.6 Graphs from calibration measurements with the standard solution. 
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Figure A.7 Calculation of the geometric factor for column 1 and electrode combination (P1-

P5). 

 

Figure A.8 Geometric factors diagram for column 1 and for four different electrode 

combinations. 

 

Diagrams from the measurements with the TWW are presented; from each loop we export 

three graphs real and imaginary conductivity and the phase component for two electrode 

combinations (P1-P5) and (P2-P4).  
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 Figure  A.9 Phase, imaginary and real conductivity diagrams for column 1(reference) for 

electrode combination (P1-P5). 

 

 

 

 

Figure A.10Phase, imaginary and real conductivity diagrams for column 5(10% biochar) for 

electrode combination (P2-P4). 
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Figure A.11Phase, imaginary and real conductivity diagrams for column 6(20% biochar) for 

electrode combination (P2-P4). 
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Figure A.12Phase, imaginary and real conductivity diagrams for column 7(20% biochar) for 

electrode combination (P1-P5). 

 

 

 

Figure A.13Phase, imaginary and real conductivity diagrams for column 7(20% biochar) for 

electrode combination (P2-P4). 
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Figure A.14Phase, imaginary and real conductivity diagrams for column 2(100% biochar) for 

electrode combination (P1-P5). 

 

 

Conductivity tables are presented for the EC in situ measurements for each column.  

 

Table A.1 Conductivity measurements for Column 6(20%) and RR120 
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Table A.2 Conductivity measurements for Column 7(20%) and RR120 in dynamic mode  

 

 

Table A.3 Conductivity measurements for Column 2, dionised water and RR120 

 

 

 

.  

 

 

 


