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Abstract 
Green liquor dreg (GLD) is a residual product that could be a solution to the 
problem with acid rock drainage. More information about how this material 

reacts and is affected when in contact with acid rock drainage (ARD) is 
needed. Different acidic media was used to investigate trace element 

leaching and the possible spectral changes using FTIR. It was possible to 
detect changes between samples based on the exposure for different acidic 
conditions. Most peaks were found below 1 500 cm-1 which complicates the 

interpretation. For enabling the use of multivariate analysis the spectral data 
needed to be pre-treated and after this it was possible to see groupings and 

directions based on exposure. Different tendencies are seen for the trace 
elements, where some element leaching increased at lower pH and some 
elements decreased leaching at lower pH. This could partly be due to the 

formation of salts with low solubility such as gypsum and anglesite when 
leached with sulphuric acid. 
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1 INTRODUCTION

 
Green liquor dreg (GLD) is a substance that could be used for ARD prevention, mainly as a sealing 

cover (Mäkitalo et al. 2014). It is a by-product from pulp and paper mills, currently classified as 
waste. Properties such as high pH, buffering capacity and low hydraulic conductivity are factors 

that will lower ARD production, when being used as a sealing cover. This is accomplished by 
reducing the amount of penetrating oxygen and water. Possible use of GLD would lower 
remediation costs and environmental risks that are caused by ARD (Mäkitalo et al. 2014). The 

Swedish environmental protection agency (SEPA) has currently classified GLD as non-hazardous 
by the waste regulation, which enables the use of it as a sealing cover (SFS 2001:1063). 

Characterization of GLD is commonly conducted using X-ray diffraction (XRD), which shows 
present minerals which provides information about the amount of carbonate used as a benchmark 
for its ability to neutralise ARD (Ragnvaldsson et al. 2014).  

 
This study will expose different GLD with three different acidic media, hydrochloric acid (HCl), 

sulphuric acid (H2SO4) and ARD at various concentrations displayed in section 2.2.2.1. To evaluate 
the impact of type of acid and concentration, both leachate and solid material will be analysed. 
Main focus of the leachate will be aimed towards trace element analysis and for the solid material 

potential structural changes of functional groups. Fourier Transform Infrared Spectroscopy (FTIR) 
spectrometer model spectrum two from PerkinElmer (fig.1) will be used, for the solid material. 

The use of light is a well-established way for analysis and 
spectroscopy is a category of methods that utilize electromagnetic 
radiation to interact with matter (Rees 2010), mainly as light 

dispersion or absorption. FTIR is a non-destructive technique that 
exposes the sample to infrared (IR) light. This light will induce 

vibration in the bonds in molecules that have covalent dipole moment. 
There are different types of vibrational moments, stretching or 
bending, which are highly specific for each type of bond (Rees 2010). 

The instrumental design for a common FTIR spectrometer is that a 
light source containing all wavelengths in the IR 

spectrum, are directed into a Michelson 
interferometer which measures the difference 
depending on the wavelength of the light. There 

are two interferometers where one provides a background spectrum and one that passes through the 
sample. The measured intensity from the background is then subtracted from the sample spectrum 

(Crouch, Holler, Skoog & West 2003). 
One big disadvantage of IR is that the species without a vibrational moment such as atoms, 
diatomic homonuclear molecules or monoatomic ions, do not absorb energy and can therefore not 

be detected. On the other hand this can also be seen as an advantage due to the highly abundant 
symmetric molecules in the atmosphere (Smith 1996). 

Detection of functional groups especially those that have absorption above 1 500 cm-1 are highly 
specific, below the region is usually called the fingerprint region and signals occur mainly from 
single bonds. This is just a guideline and some species with ionic bonds could have their energies 

within this fingerprint region (Housecroft 2012). The molecular structure does not usually shift the 
absorption area of each functional group. This is the reason why this technique is a good identifier 

for functional groups (Smith 1996). Infrared spectra contain three regions: far IR 400-10 cm-1, mid 
IR 4000-400 cm-1 and near IR 14 285-4 000 cm-1. 
 

  

Figure 1 | Image of a spectrum two FTIR from PerkinElmer: 

http://www.perkinelmer.com/se/product/spectrum-two-ft-ir-

sp10-software-l160000a 
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FTIR is a versatile technique with many applications in the inorganic- and organic field and also 
applicable for all three physical states (solid, liquid or gas). Solid samples attenuated total 
reflectance (ATR) is usually used (Housecroft 2012) due to the limited path length into the sample. 

An ATR is a crystal that consists of diamond, germanium or zinc selenide. This crystal requires 
direct contact with the sample to get a short path length and sufficient area between the sample and 

crystal. The spectrum will mainly depend on the sample and other factors such as the applied 
pressure with the crystal. This instrumental approach shows more or less the surface properties of 
the material hence if the surface isn’t representative for the bulk a more complicated evaluation or 

sample preparation is needed (PerkinElmer 2016). To measure materials bulk properties a technique 
called transmission is commonly used for FTIR (Smith 1996). Crystals made of germanium have a 

short penetration depth of approximately 0.2 to 0.6 µm and it depends on the reflective indices of 
both sample and crystal, how the beam is directed as well as the wavelength of the IR light 
(PerkinElmer 2010). 

 
For each analysis it is important to be aware of possible interferences that could affect its reactivity. 

A shift in wavelength absorption in IR can occur when some ions such as NO3
-, SO4

2-, ClO4
- and 

CO3
2- coordinate to metal centres that lower the anions symmetry (Housecroft 2012). There are no 

reference spectrums for GLD in infrared light and it is not known if the sample is affected by the 

polypropylene (PP) tubes which are used for leaching. Different types of polymers can be detected 
by IR which then could have an impact on the spectrum. If the polymer contaminates the samples 

surface, C-H stretch would show around 2 950 cm-1 which is the expected region where PP will 
show because of its content of CH2 and CH3 bonds (PerkinElmer 2016). 
 

When mining is being conducted, it does not only provide us with useful elements such as iron, 
silver, copper, lead and zinc. Residues of the non-profitable fractions are stored with different 

methods; one is where it is left in piles, with direct exposure to the atmosphere. Earlier protected 
underground minerals are now exposed to the atmosphere, more importantly oxygen and water 
(Vega, Covelo & Andrade 2006). Such waste rock piles could contain high concentrations of 

sulphides. Effluents from sulphide waste pose an environmental risk mainly due to low pH and high 
concentrations of metals. There are different reactions that can  cause the production of ARD, one 

example is when sulphide waste e.g. pyrite (FeS2) get in contact with oxygen and water sulphuric 
acid is produced (eq. 1). This reaction decreases the pH and increases metal solubility (Akcil & 
Koldas 2006). 

4𝐹𝑒𝑆2  +  15𝑂2  +  14𝐻2𝑂  4𝐹𝑒(𝑂𝐻)3  +  8𝑆𝑂2−
4  +  16𝐻+  (Eq. 1) 

As seen in equation 1 both oxygen and water are needed, this implies that if one would be 
eliminated or decreased the production of ARD would be lowered (Johnson & Hallberg 2005). 
Today’s methods to reduce ARD production are partly expensive and tedious. Different types of 

systems are being used, active and passive together with abiotic and biological approaches. Bacteria 
have a big role in iron-oxidation at pH values above 4 for generation of ferric iron. Failure of these 

methods is that oxygen still gets into contact with the material and it is yet unclear what method to 
use for long term protection (Johnson & Hallberg 2005). 
 

Several tests will be done to estimate how GLD reacts to different acidic solutions. Each acid 
contribute with different properties and the following questions are asked: 

i. Which chemical and physical changes occur due to lowering of pH by hydrochloric acid? 
ii. Will the chemical and physical properties differ (compared to step i) occur when adding 

sulphate from sulphuric acid? 

iii. Does oxidation of ferrous iron to ferric iron from ARD, precipitate of Fe(OH)3 and act as a 
good trace element scavenger? 

This last point is an important addition of information on the material for further studies. This could 
contribute information about how GLD react in an array of both waste and acid. Samples were 
collected in 2014 for Frövi and 2016 for Aspa and Metsä.  
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2 MATERIALS AND METHODS

 

2.1 Materials 

Allplastic equipment was used because of the glassware’s pH-dependent desorption of charged 

species, which could leach out from the glass surface. Polypropylene tubes from Sarstedt were used 
throughout all experiments. Pipette tips were re used to minimize waste and therefore no samples 
were taken directly out of the test tubes. Small volumes were instead poured into another tube and 

rinsed at least 3 times the sample volume between samples. Only 18.2 MΩ water was used. ARD 
was collected from a mining waste site in Bersbo (see table 1 for details). All practical laboratory 

work was conducted at the laboratory at Örebro University. 

2.2 Method 

The method was divided into three parts; physical (water and organic content) and chemical 
characterization and analysis of the solid material using FTIR.  Chemical properties of the leachate 

include pH, electrical conductivity (EC), oxidation reduction potential (ORP), buffer capacity, 
dissolved organic carbon (DOC), anions and element content. Physical properties were measured to 
partly evaluate how to conduct the leaching process and the chemical measurements are used to 

evaluate what happens to the GLD when reacting with acid liquids. 

2.2.1 Physical characterization  

To determine the amount of water and carbon in a material sequential drying is commonly used. 
The initial step is dry matter (DM) determination that evaporates the moisture present in the 

material. 
The steps for removing carbon are commonly performed through loss on ignition (LOI) and 
removes organic bound carbon as carbon dioxide. 

Inorganic carbon requires increased temperature, the products is also carbon dioxide which in this 
case arises mainly from carbonates. 

 
Crucibles where cleaned by a dish brush and water then wiped with 
a paper towel and placed in an oven (MMM Medcenter Vacucell) 

with stepwise increased temperatures from 8 °C to 105 °C over a 20 
minute period. These steps were performed to minimize the risk of 

water or dust present in the crucibles that could affect the weighing. 
All crucibles were weighed (Sartorius BP 1200) empty after cooling 
to ambient temperature and with GLD addition (table 2). Crucibles 

were placed in the oven of constant temperature at 105 °C for 24 
hours, crucible placements during burning are displayed in figure 2 

which is important due to the fact that the middle area will heat up 
faster. The ovens inside was wiped after 7 hours to remove condensation. Before weighing the 
crucibles were cooled to ambient temperature, by letting them stand and cool down outside the 

oven.  
Same procedure was used when using a muffle furnace (Nabertherm C6) for organic carbon 

ignition, except that the temperature was increased to 550 °C for 6 hours. The third step for 
carbonate ignition used a temperature of 950 °C for 2 hours (Heiri, Lotter & Lemcke 2001). The 
different temperature used depends on that inorganic carbonates generally have a greater 

thermostability. During this procedure triplicates were used and the results is displayed in table 2 
(Heiri, Lotter & Lemcke 2001). 

  

Figure 2 | Placement of crucibles 

in the furnaces, were each letter is 

an abbreviation for the three 

GLD, with three replicas that the 

numbers display.  
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2.2.2 Chemical characterization 

Two different test runs with two samples were made to see what pH will be yield with ARD, where 
25 and 50 ml was added to 1 g and 5 g (dw) of the Frövi samples.  

All samples were weighted in wet corresponding to 5.0 g dw. For each samples the mean value 
from the physical characterization was used to determine the water content. 

2.2.2.1 Leaching 

For each acid the range of additions differed between the samples which were based on unpublished 

data provided by Nanna Stahre1. The hydrochloric acid (HCl) and sulfuric acid (H2SO4) with the 
highest acid addition had a pH below 3 and ARD around pH 7. For exact volumes of acid see table 

3 and the range for HCl were between 0.25 – 8.0 ml (Fisher chemical), H2SO4 between 0.1 – 2.75 
ml (Scharlau) and ARD 5 – 50 ml (Bersbo). For each GLD and acid reagent ten different amounts 
were added, to see the effects along the pH scale. A total of 90 samples were created and three 

without acid addition were treated as zero samples. Samples leached with ARD were added H2SO4 

in order to increase the acidity; 1.0 ml for Frövi and 0.5 ml for Aspa and Metsä. A water-slurry was 

created to enable the material to react more evenly and controlled. Acid was added in portions of 
maximum 500 µl until the correct amount was reached according to table 3, mixed with water and 
left standing. Each tube was filled up to 50 ml with distilled water, resulting in L/S 10 (dw). All 

samples were manually shaken intermittently during 24 hours. To separate the solid and liquid 
phase centrifugation (Eppendorf centrifuge 5804) was performed for 15 minutes at 5 000 rpm, 

creating two phases. The liquid phase was decanted into a new tube. 

2.2.2.2 Measurements using various probes 

Measurements were performed in the following order using the same leachate; EC (fig. 4 & 5) with 
a Hach sensION™  + EC7, ORP (fig. 6) using a Thermo Scientific Orion model 260 and pH (fig. 3) 
using a Metrohm 744. Samples with pH > 5.4 were titrated to 5.4 using 0.02 M NaOH to measure 

alkalinity and samples with pH < 5.4 titrated to 5.4 with is acid (0.02 M HCl) in order to determine 
acidity. Alkalinity and acidity was measured using an ABU93 Triburette (Radiometer Copenhagen). 

2.2.3 Analytical methods 

A TOC-V CPH from Shimadzu was used for DOC analysis (fig. 7). Prior to DOC analysis samples 

were centrifuged (5 000 rpm for 10 minutes) and diluted 10 times. Two standard curves were 
prepared from two 1 000 ppm stock solutions containing potassium phthalate for TC (total carbon) 

and NaHCO3/NaCO3 IC (inorganic carbon), for a total of 4 points each. The same calibration curve 
was used to calculate all concentrations, despite that several runs were conducted.   
A capillary electrophoresis (CE) model 3DCE from Hewlett Packard was used for sulphate, chloride, 

nitrate and fluoride analysis in water solutions (table 5) (injection conditions; 25°C, injected by 30.0 
mbar for 15 sec, using a diode array detector (DAD). Conditioning using a running electrolyte 

consisting of 375 µl 20 mM tetradecyl trimethyl ammonium bromide (TTAB) and 750 µl 0.1 M 
chromate buffer (NaCrO4), filled up to 15 ml with water and left standing in an ultrasonic bath for 
15 minutes. Conditioning of the capillary column (72cm x 75 µm) with the running electrolyte was 

conducted for 120 minutes.  
All samples were diluted 50 times. Filtered through a 0.2 µm polypropylene filters (VWR 

international) prior to analysis. Calibration range of in-house standards; F- 0.1 - 10 mg/l, SO4
2- 5 – 

100 mg/l, Cl- 1 – 50 mg/l.  
 

For element analysis inductively coupled plasma – mass spectrometry (ICP-MS) model 7500cx 
(Agilent), with a micromist nebulizer was used.  

All samples were diluted 100 times using 1 % HNO3 and rhodium (103Rh) was used as an internal 
standard. External calibration standards had a range of 10 ng L-1 to 10 mg L-1. All samples were 
filtered to prevent clogging in the nebulizer. 

                                                 
1
 Stahre, Nanna; PhD student at Örebro University. 2017. April 
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Solid samples were dried for 72 hours at 40 °C. Prior to FTIR measurements with a spectrometer 
model spectrum two™ from PerkinElmer, all samples were dried at 105 °C for 1 hour to ensure that 
all water was removed. Before being applied to the sample holder a spatula was used for crushing 

the samples. The pressure gauge was set between 50 and 60. Between determinations the crystal 
was cleaned with a paper tissue. Spectral data was converted to .csv format and later imported to 

excel.  

2.2.4 Chemical characterization of ARD 

Measurements followed the same procedure described above in 2.2.2.2 and 2.2.3 with an exception 
of FTIR analysis, the results are displayed in table 1. 

2.2.5 Multivariate analysis 

For large data sets, multi variate analysis (MVA) is a good tool to use for data interpretation. 

Principal component analysis (PCA) is a method suited for explorative data sets that gives an 
overview for broad interpretation. It is a mathematical method that removes the dependence of the 
samples by doing an orthogonal linear transformation. This will produce a new coordinate system 

and reduces the number of dimensions which simplifies the interpretation of the data set (Ringnér 
2008). 

2.2.6 Quality assurance and quality control 

During the physical characterization three assumptions were made regarding ignition; (i) at 550 °C 

only organic matter is lost, (ii) at 950 °C (Heiri, Lotter & Lemcke 2001) only carbonate is lost (iii) 
and homogeneously warm oven. Figure 2 shows the placement which means that Frövi samples 

probably are heated little bit faster than the others (Heiri, Lotter & Lemcke 2001).  
The temperature where carbon is ignited is not completely true, depending on speciation and sample 
type there could be some shift in either direction (Heiri, Lotter & Lemcke 2001). Samples were 

weighed with a wet weight equivalent to 5 g dry weight. This was done by determination of the 
water content, with a triplicate of each sample.  As far as possible filtering was avoided due to 

adsorption to the filter, filtration was used only for analysis with particle-sensitive instruments such 
as ICP-MS and CE. During manual evaluation of peaks from the CE interpherograms the area was 
divided with the retention time giving a corrected area. This is to compensate for the area which 

increases during longer retention time. 
During probe measurements a potential contaminant is ions that leak from the probe to the solution, 

the measurements were conducted in separate sub-samples to prevent contamination for later 
analysis. All pH probes were calibrated using, pH 7 and 4 standards, with linearity exceeding 93%. 
As the samples weren’t filtered some particles was present during measurements. In one case where 

this could have affected the analysis is alkalinity and acidity. If colloids are present in the solution, 
some amount of the titrator could have reacted with these, which in turn might give an 

overestimated alkalinity/acidity. The calibration function for TOC analysis had an r2 value 
exceeding 0.99. 
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3 RESULTS AND DISCUSSION

 
The triplicates used for physical characterization showed that there are differences between sub 

samples see table 2. In order to avoid any structural changes that may occur if the material is 
exposed to heat they were not dried before leaching. Each GLD varied considerably in water and 

carbon content and therefore following weights were added equalling 5 g dw; Aspa 10.79 g, Frövi 
5.45 g and Metsä 12.69 g. There are differences in the amount of water and carbon in the different 
GLD, see table 2.  

The test runs showed that the ARD did not have the ability to consume the buffering capacity of the 
GLD, which is why additional sulphuric acid was needed. 
 
Table 1 | Identification of characteristics of ARD 

Sampling date 2017-04-03 

Location Copper mine in Bersbo 
Appearance Clear, little discoloured 

pH 3.36 
Conductivity 0.86 mS cm-1 

Acidity 134.04 meqv L-1 

Redox potential 726 mV 
Total organic carbon 8.59 mg L-1 

Inorganic carbon 2.72 mg L-1 
Dissolved organic carbon 5.87 mg L-1 

Metals µg L-1 a 

Li 0.001 
Na 1.26 

Mg 1.22 
Al 0.097 

K 0.98 
Ca 7.00 

V 0.00002 
Cr 0.00089 

Mn 0.29 
Fe 0.30 

Co 0.006 
Ni 0.003 

Cu 0.043 
Zn 1.30 

As <LOQ 
Se 0.003 

Rb 0.001 
Sr 0.018 

Cd 0.001 

Ba 0.004 
Pb 0.002 

Anions mg L-1 b 
Cl- <50 

SO4
2- 468.53 

F- 13.92 
a Determined by ICP-MS, b by CE 
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Table 2 | Measurements from physical characterization of the GLD. Dry matter (DM) is the amount of weight remaining 
after removal of unbound water presented in ratio of dw divided by ww. LOI is the remaining weight displayed in 

percentage, 550 °C will make all organic carbon to produce CO2 and  950 °C  will burn of inorganic carbon which mainly 

consists of carbonates. 

Sample ID WW (g) DM 105 °C (%) LOI 550 °C (%) LOI 950 °C (%) 

A1 5.01 42.1 37.0 19.4 
A2 5.00 54.0 20.4 29.6 

A3 5.04 44.4 29.0 23.2 

F1 5.01 92.0 8.9 43.8 
F2 5.02 91.8 9.3 36.0 

F3 5.02 91.2 9.2 35.8 

M1 5.04 39.5 29.2 11.6 
M2 5.05 38.6 30.8 10.3 

M3 5.21 40.1 28.7 11.0 

3.1 Chemical measurements 
Table 3 | Volumes showing the different acid additions to the samples. a is not an exact value due to the density of the GLDs, 

the true value is a little lower and differs a little between the three different GLDs.  b is the zero samples without acid 

addition. * Re-made samples, see QA/QC section. 

Sample HCl (ml) pH H2SO4 (ml) pH Bersbo (ml) pH 

A0b - 12.4 - 12.4 - 7.63 
A1 0.25 12.1 0.1 12.1 5 8.13 

A2 0.75 11.2 0.25 6.56 10 7.34 
A3 1.0 6.68 0.4 7.31 15 8.38 
A4 1.5 6.76 0.5 7.63 20 7.94 

A5 2 6.69 0.75 7.00 25 8.01 
A6 2.5 6.58 0.85 6.19 30 7.96 

A7 3 6.55 1 3.17 35 7.93 
A8 3.25 6.33 1.1 2.03 40a 7.61 
A9 3.75 1,38 1.25 1.71 45a 7.60 

A10 4 2.79 1.5 1.46 50a 7.77 

F0b - 10.4 - 10.4 - 6.66 
F1 0.25 8.60 0.1 8.03 5* 6.23 

F2 0.75 7.49 0.25 7.95 10* 7.04 
F3 2 7.00 0.5 7.92 15* 6.31 
F4 3 6.73 1 6.66 20 6.60 

F5 4 6.63 1.25 6.24 25 6.59 
F6 5 6.73 1.5 1.87 30 6.90 

F7 6 6.27 2 1.5 35 6.04 
F8 7 5.82 2.25 1.28 40 6.42 
F9 7.5 5.81 2.5 1.27 45a 6.57 

F10 8 0.90 2.75 1.13 50a 6.63 

M0b - 9.39 - 9.39 - 7.30 
M1 0.25 8.05 0.1 7.96 5 7.18 

M2 0.75 7.32 0.25 7.65 10 7.34 
M3 1 7.20 0.4 7.45 15 7.41 
M4 2 7.26 0.5 7.30 20 7.26 

M5 3 6.30 1 6.39 25 7.31 
M6 4 4.11 1.25 4.53 30 7.30 

M7 5 3.72 1.5 4.45 35 7.39 
M8 6 2.82 2 2.04 40a 7.47 
M9 6.5 2.25 2.1 1.89 45a 7.32 

M10 7 1.03 2.25 1.29 50a 7.35 
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When pH drops, EC increases (untreated data) and ORP has a slight increasing tendency.  
Dissolved organic carbon does not follow one straight direction; this could be that different types of 

organic carbons are released at different pH. The buffering capacity is as expected decreasing with 
increased acid addition and for the highest acid additions it has surpassed its alkalinity and the 

amounts of excess acid from this point are measured. For nearly all analysed elements the 
concentrations are increasing with decreasing pH, except for Mo and Se which lowers its solubility 
probably is due to their anionic state. All of these general tendencies apply to hydrochloric- and 

sulfuric acid, but not for acidic rock drainage. 
 
 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

Figure 3 | Tendency of electrical conductivity for HCl and H2SO4 series. Including blank samples for each acid, prepared by 
taking the volume of acid and filled up to 45ml. 

 

 
Figure 4 | Tendency of electrical conductivity for ARD sample series. 
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Figure 5 | Level of oxidation reduction potential depending on pH, displayed by the order in each sample series.

 
Figure 6 | Tendency displaying for dissolved organic carbon for selected points in each sample series. The shapes of the 

graphs could be due to different organic compounds are active at different pH. 
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Table 4 | Buffer capacity measured by diluting 5 ml of each sample with a factor of 10. a is acidity measurements of samples 

with pH below 5.4, by diluting 0.2 ml with a factor of 250. 

Sample HCl (meqv L-1) H2SO4 (meqv L-1) Bersbo (meqv L-

1) 

H2O (meqv L-1) 

A0    135 

A1 70.3 55.8 3.69  
A2 7.97 0.540 13.6  

A3 0.931 0.439 4.78  
A4 1.26 4.44 6.47  
A5 5.39 11.5 9.46  

A6 4.96 10.8 5.05  
A7 5.27 12.6 a 3.76  

A8 16.7 65.0 a 9.96  
A9a 52.1 a 121 a 6.12  
A10a 11.3 a 200 a 4.46  

F0    53.0 
F1 7.36 12.9 13.2  
F2 3.76 14.5 5.59  

F3 9.65 16.5 12.3  
F4 5.68 17.6 19.4  

F5 4.27 7.90 19.7  
F6 4.32 122 a 13.3  
F7 3.01 164 a 6.33  

F8 2.16 316 a 13.0  
F9 1.62 374 a 19.4  
F10a 98.9 a 421 a 17.3  

M0    21.0 
M1 13.1 10.3 7.40  
M2 5.77 7.87 10.0  

M3 3.64 7.18 9.41  
M4 2.79 7.45 9.57  

M5 2.62 2.23 8.36  
M6a 6.76 a 6.21 a 8.76  
M7a 51.4 a 6.81 a 8.59  

M8a 150 a 206 a 7.52  
M9a 175 a 234 a 9.40  

M10a 271 a 470 a 6.57  
 
Table 5 | Anions present in leachate arising from samples without acid addition. 

Sample Cl- (mg L-1) SO4
2- (mg L-1) NO3

- (mg L-1) F- (mg L-1) 

A0 851 3294 <5 225 

F0 1160 296 <5 823 

M0 <50 >5 000 <5 419 
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Figure 7 | Graphs showing how the total metal content and species distribution change depending on acid volume. 

Displayed by selected points (zero, lowest, midmost and highest) for Aspa in hydrochloric acid.  

Figure 8 | Graphs showing how the total metal content and species distribution change depending on acid volume. 
Displayed by selected points (lowest, midmost and highest) for Aspa in sulphuric acid. The zero addition is displayed in 

figure 7. 
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General tendencies that apply to most hydrochloric and sulfuric acid systems are that higher acid 

concentration increases the concentrations of dissolved elements. However, for Aspa and Frövi in 
sulfuric acid systems, there is a slight decrease for some elements such as Ca. 

Some metals such as sodium and potassium do not seem to be affected by the difference in acid 
concentration, which are seen in figures 7-9. For the systems leached with ARD, it does not appear 
that higher amounts of this give any effect on total elemental levels. Of the analysed, there are 

mainly two that have a level below the LOQ and these are beryllium and bismuth. Major elements 
define the material (calcium and sodium), minor elements is between low and high abundances 

(magnesium and potassium) and trace elements that occurs in low concentrations (uranium and 
lead).  
 

 
Figure 10 | Explanations for the colouring scheme for fig. 11- 17. 

 

 

Figure 9 | Graphs showing how the total metal content and species distribution change depending on acid volume. 

Displayed by Selected points (lowest, midmost and highest) for Aspa in acidic rock drainage. 
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Figure 11 | Levels of sodium (z 11) in the samples. Figure 12 | Levels of calcium (z 20) in the samples. 

Figure 13 | Levels of copper (z 29) in the samples. Figure 14 | Levels of zinc (z 30) in the samples. 

Figure 15 | Level of molybdenum (z 42) in the samples. 
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Figure 12 shows that the amount of calcium is steadily increasing with increased addition of 

hydrochloric acid. When exposed to sulphuric acid gypsum (CaSO4) is formed and precipitated due 
to low solubility (0.21 g/100 g H2O) (Blackman et al. 2014). Lead is following the same tendencies 

and forms anglesite (PbSO4) which also is a mineral with low solubility (0.0045 g/100 g H2O) 
(Blackman et al. 2014). Molybdenum is a metal that has a different tendency, with the lowest 
concentration around neutral pH. Even at high pH the levels are high, indicating an anionic form. 

Copper and zinc behave like typical cationic elements with increasing concentrations at decreasing 
pH. The release mechanism is due to increased solubility. 

3.2 FTIR  
 

Figure 18 | FTIR spectrum for Aspa hydrochloric series, including zero addition sample. 

Figure 17 | Level of uranium (z 92) in the samples. Figure 16 | Level of lead (z 82) in the samples. 

0

0.5

1

1.5

2

2.5

-23813

µ
g

/k
g

 

pH 

 

Lead 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

-23813

µ
g

/k
g

 

pH 

 

Uranium 



Changes in green liquor dregs after leaching with various acidic media   Mio Skagerkvist 

15 
 

  

The baseline shifts in transmittance with a downward direction. Absorption are quite different 
between the three different series, with the main absorption zone below 1 200 cm-1.  

In the HCl-series; the following statements apply to the remaining series 
- The peak at 1 150 cm-1 corresponds to C-O, C-H and C-N stretching. Since this 

peak is not as prominent in the HCl samples (Langford 2010), it probably contains 

O-S-O stretching in SO3
- (Khanna, Pearl & Dahmani, 1995), which is a precursor 

to sulfuric acid. 

- The small peaks around 600 cm-1 are presumed to be a metal-ligand bond 
(Langford 2010). 

 

 
 

 
 
 

 
 

Figure 19 | FTIR spectrum for Aspa sulfuric series, the zero acid addition can be seen in figure 18. 

Figure 20 | FTIR spectrum for Aspa acidic rock drainage series.  
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Figure 21 | FTIR spectrum for Frövi hydrochloric series, including zero sample. 

Figure 22 | FTIR spectrum for Frövi sulfuric acid series, the zero addition sample are displayed in figure 21. 

Figure 23 | FTIR spectrum for Frövi acidic rock drainage series. 
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Some differences are seen in the baseline transmittance between HCl and ARD towards H2SO4. The 
main absorption zone is below 1 500 cm-1, some peaks are present above. The main focus lies on 
highest area with absorptions, based on the H2SO4 treatment. 

- The peak at 1 450 cm-1 corresponds to CH3|CH2 bending. 
- The peak at 1 200-1 100 cm-1 corresponds to C-O (Langford 2010) and O-S-O 

stretching in SO3
- (Khanna, Pearl & Dahmani, 1995). 

- The peaks <700 cm-1 are presumed to be a metal-ligand bond and monosubstituted 
aromatics (Langford 2010). 

 

 
 

 

 
 

 
 
 

 
 

 
 
 

 
 

 
 

 

 
 

 
 
 

 
 
 

 

Figure 24 | FTIR spectrum for Metsä hydrochloric series, including zero sample. 

Figure 25 | FTIR spectrum for Metsä sulphuric acid, the zero addition sample are displayed in 

figure 24. 



Changes in green liquor dregs after leaching with various acidic media   Mio Skagerkvist 

18 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
The baseline has a similar starting point with for all three treatments with a decreasion. The main 

absorption zone is below 1 250 cm-1. 
- The peak at 1 250-1 100 corresponds to C-O bending (Langford 2010), and O-S-O 

stretching in SO3
- (Khanna, Pearl & Dahmani, 1995) 

- The small peak at 800 cm-1 is presumed to be a metal and organic ligand bond. 
- The peaks at 700-600 cm-1 monosubstituted aromatics (Langford 2010). 

3.3 METALS 
Figure 8-10 and 11-17 shows the importance of pH for element leaching from the solid phase. 
Including both heavy elements i.e. manganese and light elements (magnesium) showing these 

tendencies. From table 5 where the anions leached from the material by water, there are notable 
levels of chloride, sulphate and fluoride. By placing these constituents together there could be metal 

carbonates and metal sulphides present, which are known to have higher solubility at low pH (Tro 
2016). In figure 9 where sulphuric acid is added the tendency is that the metal content in the 
aqueous phase is decreased, which could strengthen this possibility that metal sulphates are being 

precipitated, that probably also occurs with the natural content of sulphate. The surface adsorption 
could also affect the metals tendency to release to the aqueous phase. Where a lower pH could shift 

the charge of metallic species, to a state where the interactions are higher from the water molecules 
than other ligands, which also increases the mobility. 

  

Figure 26 | FTIR spectrum for Metsä acidic rock drainage series. 
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3.4 ANALYSIS 

LOI at 950°C (table 2) and buffering capacity (table 4) indicate that the substance contains 
carbonates. In figure 21 where Frövi H2SO4 spectrum is displayed, there are some peaks around 
1 500 cm-1 which probably is carbonates. 

It is shown that different type of GLD has diverse characteristics, such as baseline and peak 
appearances in FTIR spectrum. Almost all signals are far down in the mid-IR region. This makes 

interpreting difficult, since most of the functional groups have their specific absorbance higher in 
the same region, which probably are undetected. It seems that some species such as SO3

- are more 
present in the sulfuric acid leached samples, probably SO3

- originating from sulphuric acid.  

The samples are heterogeneous and therefore sampling is a point of error. Multivariate analysis is a 
good tool to use in this case, to enable an easier way to interpret the data.  

It does not appear that the containers used affected the solid sampled because of missing signals 
were polypropylene absorb IR light.  

4 EVALUATIONS 

 

4.1 CORRELATION MATRIX 
 

Table 6 | Correlation ratio between measured chemical properties between all samples. This was made using the correl 
function in excel, displaying in r-value. 

  EC pH ORP Alkalinity Acidity TC IC DOC 

EC 1 
       pH -0.581 1 

      ORP 0.511 -0.898 1 
     Alkalinity -0.113 0.771 -0.434 1 

    Acidity 0.370 -0.685 0.492 N/A 1 
   TC -0.428 0.515 -0.346 0.475 0.639 1 

  IC -0.540 0.590 -0.415 0.463 0.342 0.946 1 
 DOC 0.014 0.119 -0.039 0.322 0.665 0.682 0.407 1 

 
Table 6 shows the relationship between two parameters, which can provide an indication of a 
relationship between the parameters. For decreasing pH the ORP increases. A positive value 

between alkalinity and pH shows that there is a connection between these values and those follow 
the same direction. A high value between TC and IC shows the connection between these numbers. 

4.2 PCA 

The values for the variables figure 27-29 are logged using the base 10 except for pH and ORP 

which is untreated. Variables with a high number of missing values (acidity, Be and Bi) > 60 % 
were excluded and a qualitative parameter “company” was used to label were each sample 
originates from. 
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Figure 27 | Score scatter plot of all samples using all chemical measurements, excluding variables with high missing value 
>60%. Different series of samples have individual colouring. 

 

From figure 27 it is clear that the different GLD have different element leaching properties as they 
have formed groups clearly separated from each other. From figure 28 it is also clear that the first 
PC is governed by pH. Several elements are clearly associated with decreasing pH (for instance Zn, 

Cd, Ni, Co but also elements found strongly associated with carbonates (Ca, Mg, Sr)). When pH 
decreases carbonates, hydroxides and hydroxycarbonates are dissolving releasing associated 

elements. Desorption from other surfaces when pH decreases is also a possible mechanism. 

 
Figure 28 | Loading scatter plot of variables, excluding those with missing value >60%. To minimize spreading arising from 

different magnitudes between variables, all values was log10 except for ORP. Depending on the origin of the sample, a 

quantitative variable have been added using the first letter as an abbreviation. 
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Figure 29 | A bi plot using the score and loadings plot displayed above. 
 

PCA plots with spectral data were reduced to a resolution of 4 in order to reduce grouping and ease 

the interpretation. Vector normalization was used as pre-treatment, displayed in a twostep 
calculation (eq 7) (Gautam et al. 2015). Pre-treatment of large data set sometimes is to enable align 
and separating data when modelling in MVA software’s such as SIMCA. 

√𝑆1
2 + 𝑆2

2 + ⋯ + 𝑆𝑁
2  = 𝑠𝑖  

 
𝑆𝑁

𝑆𝑖
= ŝ   (Eq. 7) 

Leaching liquid was used as a qualitative parameter, and volume of acid addition as a quantitative. 
There are three separate plots (figures 30-32), one for each type of GLD. 
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Figure 30 | Bi plot for the three different Aspa series and using pre-treated data from FTIR spectrum as variables. 
 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
Figure 31 | Bi plot for the three different Frövi series and using pre-treated data from FTIR spectrum as variables 
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Figure 32 | Bi plot for the three different Metsä series and using pre-treated data from FTIR spectrum as variables. 

 
The bi plots (figure 30-32) indicates that different treatments are separated from each other making 

it possible to distinguish between different samples using FTIR. It may be possible to use FTIR in 
order to make rapid quality determinations using FTIR and multivariate statistics (for instance 
PLS). 

5 CONCLUSION

 
There are physical differences between different GLD. There are differences between the three 
different sets of leaching showing that some reactions occur due to lowering of pH and presence of 
sulphate. It is hard to evaluate the impact of ferrous iron, since the ARD needed additional sulphuric 

acid. Metal leaching follow some general trends were chloride salts are soluble and sulphuric salts 
are insoluble.  

All GLD showed different appearances in infrared light, where the most absorbance’s are below 
1 500 cm-1. Pre-treatment is needed before using PCA-plotting in SIMCA of the spectral and 
chemical data. Thought different treatments are clearly separated which makes it possible to 

distinguish between different samples, which could be applied to study the properties of other 
samples. 
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