
 

 

 

 

Adsorption of methylene blue on iron-doped 

lignin hydrochar 

 

 

 

Andreas Granström 

 

 

 

 

Student: Andreas Granström 

Supervisor: Associate Professor Stina Jansson 

Spring 2018 

Bachelor thesis, 15 ECTS 

Bachelors program in Life Science, 180hp 

 



Umeå University Andreas Granström Spring 2018 

 

 

 

Abstract 
A large part of the world population still does not have access to clean water. This while there are 

many different methods of cleaning water, such as activated carbon, photocatalysis etc. However, 

these methods have its fair share of problems, such as cost of production. Therefore, there is a 

demand for new economically viable and environmentally friendly materials.  

 One way of developing a cheap and environmentally friendly way to clean water is to 

transform waste materials from established industries, to useful materials. In this study, we chose 

to use lignin from the forestry and paper mill industries together with iron sand, which originates 

from the ore refinery, mining and recycling industries, since both materials can remove different 

pollutants from water. Two waste products transformed into a new combined and enhanced 

material with pollutant removing abilities, could be valuable for closing the loop and enriching the 

market. 

 Hydrothermal carbonization was used to make three different hydrochars; from pure lignin, to 

pure iron sand and iron sand mixed with lignin, resulting in an iron-doped char. The combined 

char demonstrated a lower adsorption capacity of the dye methylene blue when compared to the 

pure lignin, while the pure iron did not adsorb at all. When the adsorbent methylene blue was 

dissolved in purified water, the positive cation did not bind to the iron surface. The surface 

characteristics analysis of the iron doped char showed no iron, but it was revealed by the bulk 

composition analysis to be incorporated within the particles. This implied that the surface was 

covered with carbon, but that iron still changed the surface characteristics and also the adsorption 

capability. It was also noticed that between the different temperatures and retention times used, the 

higher temperature and longer retention time produced char with better adsorption performance. 

High temperature and longer retention time resulted in an increased amount of carbon-linked 

functional groups and larger surface area, the latter being crucial for adsorption.  

 To future explore the potential of this kind of iron-doped lignin chars, studies with other 

adsorbates better suited for adsorption onto iron is needed, since the methylene blue did not bind 

to the iron. 
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List of abbreviations 
BE     Binding energy 

BET    Brunauer–Emmett–Teller 

C0     Initial concentration  

Ce      Equilibrium concentration 

Da     Lignin 

DaFe    Iron doped lignin 

DRIFTS   Diffuse reflectance infrared Fourier transform spectroscopy 

Fe     Iron sand 

FTIR    Fourier-transform Infrared Spectroscopy 

FWHM    Full Width at Half Maximum 

HTC    Hydrothermal carbonization 

k     Langmuir adsorption constant 

KBr     Potassium bromide 

KF      Freundlich affinity constant, the maximum possible adsorption 

m     Mass 

MB     Methylene blue 

n      Strength of adsorption 

Qm      Maximum adsorption 

RSD    Relative standard deviation 

SEM    Scanning electron microscope 

V     Volume 

WHO     World Health Organization  

XPS    X-ray Photoelectron Spectroscopy 

260/4    Sample treated at 260 °C for 4 hours in the HTC 

260/12    Sample treated at 260 °C for 12 hours in the HTC 

300/4    Sample treated at 300 °C for 4 hours in the HTC 

300/12    Sample treated at 300 °C for 12 hours in the HTC 
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1. Introduction 
In today’s modern society, we have begun to see the devastating outcome of chemical pollution, 

the over usage of fossil fuels and similar environmentally endangering activities. These have 

emerged from human neglect of the environment, due to a lack of understanding and insufficient 

practice. For example, the world health organization (WHO) reported last year that nearly a third 

of the global population still lacks access to clean water in 2015.1 The contamination of water is 

however not only a problem in third world countries. For instance, in 2014 there were ca 40 liters 

of an industrial chemical, used for coal cleaning, discarded in West Virginia’s Elk River. This 

caused such severe chemical contamination that 300.000 households were affected and several 

hundred required medical care.2, 39 

 Problems like these, together with global environmental disasters such as global warming, that 

actively damage our planet, nature and people, has sparked restructuring of both politics and 

industry. Therefore, the demand for “green” solutions for fuels and materials is on the rise.  

However, making such products is not easily done. Beyond being environmentally friendly, the 

new materials need to be economically competitive and cannot be overly complicated to make.4 

The method of production must also be scalable to industrial quantities to be productively viable. 

This puts the researchers in a tough position since these requirements are quite restricting. 

Nonetheless, the hope is still not lost. There are promising waste materials from a range of 

different established industries which contain unutilized abilities, meaning waste materials that can 

be converted into useful materials after they have been subjected to some work. This field of 

research is developing and seems to be a subject of interest around the world.4,6-8,10-13 

 An example of a promising waste product is lignin, which originates from the wood and paper 

industries, which is currently incinerated in low-level energy recovery boilers.4 Lignin is found in 

plants cell walls, with a key role in xylems rigidity.5 This industry residue is very carbon rich 6, 

and is constituted of complicated organic aromatic heteropolymers.5 Lignin, together with a range 

of methods and techniques has shown, among other things, to be able to adsorb pollutants and 

capture CO2.4 Lignin can be subjected to hydrothermal carbonization (HTC), which is a process to 

convert bio-material together with water, under high temperature, pressure and varied treatment 

time, to hydrothermal carbon products.6 These products can be applied for removal of heavy 

metals, pesticides and other pollutants as well as for fertilization of soil or energy storage.7,8. If the 

HTC temperature is set low, the product will contain highly stable carbon-oxygen complexes and 

have a higher number of active sites, compared to a high temperature setting. 9 However, in a high 

temperature setting the resulting hydrochar will contain a larger surface area, cation-exchange 

capacity (CEC) and higher pH, in comparison to the low temperature product. This study will 

explore two different temperatures and treatment times, 260 °C and 300 °C for either 4 or 12 

hours, to explore how it affects the char’s adsorption capacity.  

 Another abundant waste product is iron sand, which originates from recycling, mining and ore 

refinery industries. Some studies have shown that iron sand and iron coated filters have the ability 

to remove bacteria, metal ions, natural organic matter and heavy metals such as arsenic, from 

water. 10–12 Furthermore, there is a method called “doping” (heteroatom modification), which is an 

addition to the hydrothermal char to increase the amount of active sites on the char and hence 

increase the catalytic activity.13 Another purpose of doping is to diversify the range of matter that 

the hydrochar can adsorb. The adsorption ability of the iron doped lignin can be tested with the 

help of methylene blue (MB), an organic dye used for testing adsorption potential of different 

material, e.g. activated carbon.8 

 In this project, the adsorption abilities of the HTC processed lignin, iron sand and the iron 

doped lignin, produced at two different temperatures and treatment times, will be compared to 

each other. The specific surface characteristics as well as bulk composition of the different chars 

will be explored since they give great insight in why some material adsorb methylene blue better 

than the other.  
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2. Aim  
The aim of this project is to evaluate the different adsorption abilities between the different chars, 

generated from lignin, iron sand and a combination of the two materials. Also, to investigate if, 

and in what way, the incorporation of iron into the lignin char will affect the adsorption capability 

of the materials with regard to methylene blue. Furthermore, the role of the different temperatures 

and retention times will be examined, regarding the surface characteristics and bulk compositions 

of the different hydrochars.  

 Methylene blue was chosen as adsorbent for this adsorption study since it is relatively quick to 

adsorb and cheap to purchase. The dye has been used in the textile industry and have been a 

pollutant of discussion, which is one reason to its use as a model in adsorption studies.19,21,38 It has 

also been established that MB adsorbs well onto lignin, which is a good outset to investigate how 

the iron affect the iron doped lignin’s adsorption capacity.19 The reasoning behind the choice of 

raw material is that the HTC char made from lignin has some water purification capabilities, and 

that iron sand and iron coating of filters have shown similar behavior but for different 

compounds.4, 10-12 Therefore, the combined products could potentially lead to a material which has 

an increased ability of cleaning water from heavy metals, bacteria and other impurities. 

3. Background 
3.1 Adsorption and materials 

3.1.1 Water purification, materials and techniques 

There is a plethora of different techniques that have been used when it comes to cleaning water: 

nanotechnology, photocatalysis, photo-catalytic membranes using solar radiation, chemical 

disinfection and filtration etcetera.14–17 However, due to increased complexity and cost other 

methods has become popular, such as the material usage of activated carbon. Activated carbon has 

been used as an adsorption medium for thousands of years, to improve drinking water. 18 Activated 

carbon can be used for removal of total organic carbon, bacteria and the parasite Cryptosporidium, 

heavy metals and other contaminants.  

 The complication with active carbon is mainly the relatively high cost of production, 

separation problems between the saturated carbon from the wastewater for regeneration and so on. 
19 Therefore other materials have been investigated in the hope of finding cheaper, sustainable 

materials with similar adsorption capabilities. Fly ash, sludge ash, sludge, different kinds of 

biomass and natural lignin to name a few. 

3.1.2 Lignin 

The key innovation in evolution from aquatic life to terrestrial plats, about 475 million years ago, 

is commonly recognized as lignin.5 Lignin have the task to stiffen cell walls in plats, within the 

tissue where transport of water and nutrients occur, the xylem. Different types of lignin exits along 

with the different types of plats, where the greatest amount of lignin can be found in softwood and 

the lowest amount can be found in herbaceous plants.6 Lignin is a carbon abundant material and 

are constituted of organic aromatic heteropolymers (Figure 1).5,6 The aromatics consist of the 

different structural units, sinapyl alcohol, p-coumaryl alcohol and coniferyl alcohol.6 The 

connections in between these units are usually either C-C or ether bonds. 

 Lignin has shown to be useful in several ways, but most interestingly the ability to adsorb 

pollutants and capture CO2.4 

3.1.3 Iron sand 

Iron sand is a common waste product from mining, ore refinery and metal recycling industries. 

The sand has been controversial over the years.20 The usage of the material as gravel in road 

construction has been in practice for 40 years, however mostly without contemplation regarding 



Umeå University Andreas Granström Spring 2018 

 

3 

 

the environmental impact from the material. The concern with the material is mainly that the 

heavy metals, that can be left in the iron sand from the industrial processes, could contaminate the 

nearby environment during the wrong circumstances (pH, oxidation etc.). Consequently, there is a 

high interest from the previously stated industries, to find new ways to utilize the material.  

 However, iron sand by itself, or integrated in filters, have been proven useful for water 

purification. The material has been used to remove natural organic matter, heavy metals and 

bacteria. 10–12 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.4 Methylene blue 

Methylene blue has previously been used as a textile dye.19 Basic dyes, such as MB, have charged 

sulphur and nitrogen atoms which yields cationic properties, therefore its usage for net negative 

textile materials. When dissolved in water, the chloride ion dissociates from the methylene blue 

cation (Figure 2). MB as a textile dye has been proven problematic due to the toxicity of the waste 

water.19 When the dye was discarded in nature, not only did humans suffer the consequences when 

consumed, but the dye also damaged the aquatic life in the area. The dye was both harmful for 

animals and hydrophytes (aquatic plants), due to the toxicity but also the increased difficulty for 

sunlight to penetrate the water, which lead to a decrease in photosynthesis.21  

4. Material and Methods 
4.1 Brief overview of the project 

700 ml of MilliQ water was used with 100 g of one raw material, or 50 g of both. This resulted in 

three different chars, Fe – iron sand, Da – lignin, and Dafe – iron doped lignin. These samples 

were treated at two different temperatures and treatment times, 260 °C and 300 °C for either 4 or 

12 hours. All 12 samples were evaluated using methylene blue to investigate their adsorption 

abilities. A spectrophotometer determined their concentration after adsorption, data which all 

adsorption interpretation was based on. The functional groups on the surface of the chars was 

analyzed with XPS and deeper analysis of bulk composition was made with FTIR. SEM was used 

to take images of the surface, together with EDS to investigate the amount and position of the 

different elements. 

 

Figure 2. Illustration of the chemical 

structure of the dye Methylene blue.19 

 

Figure 1. Schematic representation of the main functionalities in lignin.37 

Note that variations of lignin exist due to plant type, extraction and growth 

conditions. Therefore, might this representation not correlate fully with the 

dealkaline lignin used in this project. 
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4.2 Adsorption, HTC and materials 

4.2.1 Materials 

The lignin material used in this project was dealkaline lignin purchased from Japan, Tokyo 

Chemical Industry (Figure 4). The highly magnetic iron sand was obtained as a waste product 

from a local Swedish steel recycling industry (Figure 4). The methylene blue dye, 3,7-

bis(Dimethylamino)phenazathionium chloride (Figure 2), was bought from Sigma-Aldrich as a 

certified product by the Biological Stain Commission. The water used to dilute the methylene blue 

dye came from a Milli-Q Advantage A10 Water Purifier. 

 

Figure 4. Visual illustration of the material used and produced in this study. The brown powder in the top left corner is 

the raw lignin, the particles on the top right are the raw iron sand. Two HTC processed products are shown below,  

Da300/12 in the bottom left and the combined product DaFe300/12 in the bottom right. 

Figure 3. Flow chart depicting an overview 

of the project and the type of analysis used. 
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4.2.2 HTC variables and raw material 

The amount of sample used in each HTC run was 100 g in total, i.e. 100 g of iron sand or lignin 

was used for their respective experiments. In the case of the combined product, 50 grams of both 

lignin and iron sand was used (Figure 4). Additionally, 700 ml of Milli-Q water was added to each 

sample. The 12 different samples were treated with different temperatures and retention times, 

either at 300 °C or 260 °C during 4 or 12 hours (Table 1). The pressure reached during the HTC 

process depended on the temperature and measured around 87 bar in conjunction to 300 °C and ca 

49 bar for 260 °C. The HTC process was preferably started in the morning, since the ramping up 

time was either 6.45 hours for 300 °C and 5 hours for 260 °C, resulting in a total treatment time of 

either 18.45 or 9 hours. 

Table 1. Summary of the sample abbreviations used regarding temperatures (°C) and retention time (hours). 

 

 

 

 

4.2.3 HTC equipment and char treatment 
After dismantling the HTC device and collecting the product from the HTC container (Figure 5), a 

vacuum-pumped filtration machine was used to remove the remaining liquid from the char. The 

liquid from the reaction was saved for later analysis. Extensive amounts of MQ-water were then 

used to collect as much as possible of the product, some of which stuck to the coil and container of 

the HTC equipment during the process. After the MQ-wash a layer of acetone was added on top of 

the char product for a long period of time, to fully remove the tar. The acetone was slowly filtered 

out by gravity, without the vacuum pump. After filtration, the bio-product was transferred to a 

glass-beaker and stored in an oven at 110 °C for 24 hours. 

 

Figure 5. Dismantling of the HTC machine shown in four different images. The top left image representing the machine 

during use, the top right picture showing the machine without insulation, and the two bottom pictures depicting the 

empty machine totally dismantled. 

Temperature 

and time 

Iron sand Lignin Iron doped 

lignin 

260 °C for 4 h Fe260/4 Da260/4 DaFe260/4 

260 °C for 12 h Fe260/12 Da260/12 DaFe260/12 

300 °C for 4 h Fe300/4 Da300/4 DaFe300/4 

300 °C for 12 h Fe300/12 Da300/12 DaFe300/12 
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The dry char was then ground with a pestle and mortar to grind the bigger particles into smaller 

ones. The char was panned, separated by size, with the help of two sieves and a collector at the 

bottom. The first sieve let particles smaller than 500 µm through, while the second only let 

particles under 125 µm through to be collected in the bottom pan. The smaller the particles, the 

greater the surface area, which means greater adsorption. This is a given corollary, however, this 

small size is not realistic or viable from an industrial standpoint. That is why the particles 

collected between 125-500 µm was chosen to be further analyzed. All three sizes of the char were 

collected in vials with lids and purged with nitrogen gas, to prevent or slow down further reactions 

with oxygen. 

4.2.4 Adsorption test 

To investigate the adsorption ability of each char, eight different concentrations of methylene blue 

were chosen to be used, 0, 5, 10, 25, 50, 100, 150, 200 mg/L respectively. The char was 

transferred to 16 individual 50 ml falcon-tubes, each sample duplicated, with 0.24 g char in each 

tube. Furthermore, 48 ml MB solution of each concentration was added to the respective tube. The 

tubes were lastly attached to a rotator device for 24 hours of effective adsorption.  

4.2.5 Adsorption isotherms 

There are several methods to investigate how adsorbent materials interact with pollutants, so 

called equilibrium relationships or adsorption isotherms.22 In this study two different adsorption 

isotherms were explored: Langmuir and Freundlich.  

 To calculate the adsorption equilibrium capacity, qe (mg/g), which is used in both Langmuir 

and Freundlich, the following formula was used 27: 

qe = (C0-Ce) ×
𝑽

𝒎
                    (1) 

The term C0 (mg/ml) represents the initial concentration and Ce (mg/ml) stands for the equilibrium 

concentration.27 The volume of diluted methylene blue used for adsorption in each sample is 

expressed as V (ml) and the amount of char used in each sample is stated as m (mg).  

 The Freundlich isotherm is an empirical equation, meaning that its used to fit the data and has 

no theoretical justification. Freundlich assumes that there are heterogeneous energies expressed 

when adsorption occur on the surface of the adsorbent .8 The Freundlich model integrates the 

perspective of multi-layer adsorption, which assumes that adsorption is not equal and the difficulty 

of adsorption increases with the amount adsorbed.23,27 This equation utilizes the n term, which 

represents the strength of adsorption, as well as the KF ((mg/g) × (1/mg)1/n) term, which is called 

the Freundlich affinity constant and represents the maximum adsorption possible. These two terms 

can be derived by plotting Log qe vs log Ce, where KF will be the slope and n will be the intercept 

in the linear equation (y=ax+b). 

𝒍𝒐𝒈 qe = 𝒍𝒐𝒈 KF + (
𝟏

𝒏
) 𝒍𝒐𝒈 Ce                (2) 

 The Langmuir isotherm model presumes that monolayer adsorption occurs at the adsorbent 

particles surface, which is homogenous. On that surface is specific sites that adsorb an equal 

number of molecules, without any interplay between the adsorbed entities. Thus, the adsorption 

stops at equilibrium as the reaction is saturated.8 Langmuir has terms such as Qm (mg/g) for 

maximum adsorption and the Langmuir adsorption constant k (L/mg).27 To derive Qm and k, Ce/qe   

is plotted against Ce and a linear function yields the slope (Qm) and intercept (k). 

Ce/qe = (
𝟏

Qm × k 
) + (

𝟏

Qm

) × Ce                (3)  

4.2.6 Spectrophotometry 

To determine the individual concentrations of each sample, a Thermo Spectronics Helios Gamma 

UV-Vis Spectrophotometer was used. A spectrophotometer functions by shining a set wavelength 

of light onto the sample and measures how much light reached the detector on the other side, 

which is called transmittance. With known wavelength and transmittance, absorbance can be 
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determined. Furthermore, to find out the unknown concentration in the sample, a standard curve 

can be used. A standard curve consists of different known concentrations of the matrix (or a 

solution close to the sample matrix). Those concentrations are then used to form a linear function 

with a high coefficient of determination (the closer the R2 value is to 0.999, the better). Since 

concentration is proportional to absorbance, by measuring the absorbance of the unknown sample 

(which should fall in between the high and low points of the standard curve) and applying it to the 

standard curve, the approximate concentration of the unknown sample can be determined. 

 The standard curve was contracted with nine different concentrations of MB: 0, 0.05, 0.1, 0.5, 

1, 2, 3, 4, 5 mg/L respectively. The falcon-tubes with the char and different concentrations of MB 

were then tested against that curve. If the char had not abundantly adsorbed the MB, the samples 

were diluted with MQ-water and later re-calculated to the original concentration.  

 The data from the spectrophotometer was used to determine the removal efficiency of 

methylene blue from the solution, by following formula: 

𝑹𝑬 =
C0-Ce

C0

×  C0                   (4) 

 The data from the spectrophotometer was also used to determine the relative standard 

deviation, with the goal value of 10 % or below. This value was used to determine if the acquired 

measurements were similar enough to yield substantial results, or if more measurements were 

needed. For this calculation, the following formula was used:  

𝑹𝑺𝑫 =
𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝒅𝒆𝒗𝒊𝒂𝒕𝒊𝒐𝒏

𝑨𝒗𝒆𝒓𝒂𝒈𝒆
×100                (5) 

4.3 Surface analysis.  

4.3.1 X-ray Photoelectron Spectroscopy  

Analysis of the surface chemistry was performed using X-ray Photoelectron Spectroscopy. This 

was done by beaming X-rays to excite the surface and measure the energy from emission. XPS 

data gives information about the functional groups on the surface, along with chemical state, 

identity and quantity of the different elements.13,24 This data was collected with a Kratos Axis 

Ultra DLD electron spectrometer. The spectrometer uses a monochromated Al Kα source at 150 

W coupled with a magnetic hybrid lens system that provided an analysis area of 0.3 mm × 0.7 

mm. The binding energy (BE) scale was set at 284.6 eV, in reference to the C 1s line of sp2 

hybridization. Kratos software together with CasaXPS packages were used to process the spectra. 

 Shirley background subtraction was performed and was followed by curve fitting of high-

resolution C 1s and O 1s spectra with a minimum number of spectral components. The chemical 

identification of these components was based matching their BE position to references in the 

literature. The BE position and the FWHM of the components were not fixed. 

4.3.2 Fourier-transform Infrared Spectroscopy 

To dig deeper into the sample (<10 μm), to investigate the bulk composition of the samples, 

diffuse reflectance FTIR in DRIFTS mode was used. The Fourier-transform infrared spectroscopy 

technique yields an infrared spectrum from emission or absorption. From the characteristic bands 

from FTIR, individual carbon groups can be identified and yield information about their functional 

groups, type of bonds etc.13,27 

 To the right side of the spectrum, around 500 to 1500 cm-1 in wavenumber, are the so-called 

finger-print region. The fingerprint region is unique to every compound, due to its complexity. 

This complexity originates from the bending vibrations of bonds within the molecule. The 

remaining range of wavenumbers, which is called the functional group range, stretches from 1500 

to 4000 cm-1. 

 Regarding sample treatment, about 10 mg of each char sample were diluted with 460 mg 

potassium bromide (KBr), purchased from Sigma-Aldrich, to get a set background spectrum. The 

diluted sample were ground into a fine homogeneous powder with the help of a pestle and mortar. 

The analysis was done with a Bruker IFS 66v/S, together with a Vacuum Optics Bench operating 
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at 4 mbar. The spectral range was set to 400-2500 cm-1 and to yield a high signal to noise ratio, 

128 interferograms was used. The software OPUS was utilized to vector normalize and baseline 

correct the data. The 400-2400cm-1 region was applied for normalization. 

4.3.3 Scanning Electron Microscope 

A scanning electron microscope uses a beam of electrons to produce data about texture, 

composition and surface structure.25 SEM also produces images of the analyzed surface by using 

an in-chamber back scattered electron detector. EDS mapping showed to which extent different 

compounds were present and their position, by adding color to the SEM pictures. 

 In preparation for analysis, a small amount of each sample was fixed onto a piece of carbon 

tape on top of aluminum stubs. SEM and EDS analysis were performed on a Carl Zeiss EVO 

equipped with a X-Max 80 mm2 Oxford Instruments X-ray detector. The microscope was operated 

in low-vacuum mode and the images were collected at a magnification of 1000x, with a working 

distance of 9 mm and with accelerating voltage of 20 kV using the in-chamber back scattered 

electron detector. 

4.3.4 Nitrogen adsorption with BET analysis 

The Brunauer–Emmett–Teller equation is often abbreviated as BET and is mainly used to account 

for deviations in nitrogen adsorption. This determines a materials surface area, pore volume and 

pore size by physical adsorption of nitrogen gas onto the solid surface of the particles in vacuum.26 

This multi-layer adsorption technique considers individual accumulations of molecules that have 

fully adsorbed the dilute non-reactive gas and reach a state of equilibrium. Nitrogen are also used 

in liquid form outside the samples, in a dewar container, to maintain a constant temperature and 

cool the samples to 77K. About 50-100 mg of each char was tested in the TriStar 3000 Surface 

Area and Pore Size Analyzer. To remove water and other possible contaminations which can 

interfere with the analysis, the char samples were degassed with the inert gas nitrogen while being 

heated.26 

 The data accumulated by this method is surface area by BET (m²/g), pore volume which is 

measured by single point adsorption, with total pore volume of pores less than 179.7867 nm 

diameter at P/Po = 0.989127070 (cm³/g). The size of the pores is also measured, with adsorption 

average pore width (nm), 4V/A by BET. 

5. Results and discussion 
5.1 Bulk composition and Surface analysis. 

5.1.1 Analysis with X-ray Photoelectron Spectroscopy 

To examine the elemental composition on the surface of the different made hydrocar, a XPS was 

utilized. Table 2, which summarizes the acquired XPS data, displays a trend among the lignin 

samples where higher temperature and longer retention time yielded a higher concentration of 

carbon, while the opposite trend was observed for oxygen. With lignin being a carbon rich 

material, an increase in temperature (energy) and time (for reactions to occur) should result in the 

abundant amount of carbon linked groups such as C-O to break (Figure 1). This would decrease 

the amount of oxygen present, since it would most likely end up in the water solution in which the 

HTC reaction takes place in, leaving more carbon to be detected. The yield from the HTC made 

iron doped lignin was between 65-73%, therefore the amount of lost sample, carbon and oxygen, 

could reside in the liquid samples. 

 Increased temperature along with longer residence time favored carbon linked groups such as 

C-C, C-Hx or C=C, for practically all samples (Table 3). For oxygen, XPS indicated that there was 

a general decrease with treatment time and temperature, and it was expected that the carbon-

oxygen groups would follow this as well under the C 1s line (Table 3). This was confirmed 

regarding the C-O bonds that all decrease alongside nearly all the O=C groups in the O 1s line 
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(Table 4). The same statement regarding the C=O and COO- bonds in C 1s would be valid for the 

lignin sample, but not for the iron samples, which was probably the reason why the combined 

product also did not follow the temperature and retention time pattern. However, the mechanism 

behind this phenomenon was beyond the scope of this project and further research will be needed 

to elucidate this. 

Table 2. Elemental composition of the surface by XPS analysis, stating the percentage of each compound present on the 

surface of the different made hydrochar products and raw material. 

Sample C (at%) O (at%) Na (at%) S (at%) Fe (at%) Si (at%) 

LIGNIN 56 32 7.0 5.2 - - 

DA260/4 83 16 0.69 0.76 - - 

DA260/12 83 16 0.88 0.53 - - 

DA300/4 83 15 0.43 0.63 - - 

DA300/12 87 12 0.26 0.40 - - 

IRON SAND 9.4 60 - - 22 9.1 

FE260/4 9.3 58 - - 26 6.9 

FE260/12 14 53 - - 28 5.5 

FE300/4 12 56 - - 27 4.7 

FE300/12 28 50 - - 18 4.5 

DAFE260/4 78 21 - - 1.7 - 

DAFE260/12 81 19 - - - - 

DAFE300/4 82 17 - - 1.1 - 

DAFE300/12 86 14 - - - - 

A possible configuration of the sodium and the sulfur located in the raw lignin is Na2SO4, since it 

is used in the kraft lignin process.28 Table 4 indicated that this configuration broke up in the HTC 

process, when the raw lignin was compared to the HTC treated lignin samples. If the configuration 

was right, and the Sodium sulfate which bound four oxygen was removed, the amount of total 

oxygen lost should be 4 × 5.42% = ~22%. However, since the raw lignin held about 32% of 

oxygen, and the HTC treated samples had between 12-16% of oxygen, there was an indication that 

some oxygen generating process occurred.  

 The XPS data in Table 2 indicated the presence of carbon in the iron samples, but that should 

not be the case. The reason behind this unknown carbon was simply contamination of the XPS 

samples, called adventitious carbon, which recede in air. 29A short exposure to air could have 

created small carbon films which was detected in XPS. The source and mechanism behind the 

carbon is not fully understood, however the composition of the carbon is constituted of a 

collection of different short chains of hydrocarbons, linked with both double and single bonds to 

oxygen. Therefore, with longer retention time and higher temperature, the more functional groups 

with carbon linkages broke, yielding a higher percentage in the final data. There is also a 

possibility that some contaminants originate from the previous runs in the HTC container. 

 Regarding the iron doped lignin hydrochar samples, they also follow the pattern of increased 

carbon content with higher temperature and longer processing time (Table 3), while 

simultaneously decreasing the oxygen content of the samples (Table 4). The interesting part 

regarding these samples is the total lack of sodium and sulfur, which was low but still present in 

the HTC processed lignin samples. The combined product also completely lacks silica, which was 

present in the iron samples. For a better understanding of this, the extracted liquid samples need to 

be examined further.  

 The incorporation of pure iron into the combined char was also very small, only about 1-2% in 
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DaFe260/4 and DaFe300/4, favoring a shorter residence time. The chemisorbed oxygen in Table 4 

could also be a source of iron, but in the form of metal oxides (Fe2O3), or metal hydroxides 

(Fe(OH)3). The iron is seemingly located deeper inside the char, covered by carbon, and is 

therefore not detected by the XPS.  

Table 3. Component composition for C 1s for all samples. The different functional groups and their respective bond type 

are stated in bold. Beneath the functional groups are binding energy (BE), stated as averages, from which the 

characteristic groups can be found.  

Sample C 1s 

 
C-C, C-Hx, C=C  

(sp2 and sp3) 
C-O C=O COO- 

 284.8 eV  286.2 eV  287.3 eV  288.8 eV  

DAFE260/4 49.2% 20.0% 18.7% 2.28% 
DAFE260/12 53.7% 18.9% 3.33% 1.89% 
DAFE300/4 55.3% 16.0% 3.88% 3.09% 

DAFE300/12 59.3% 14.7% 24.3% 3.34% 

 
C-C, C-Hx, C=C  

(sp2 and sp3) 
C-O C=O COO- 

 284.8 eV  286.2 eV  287.3 eV  288.8 eV  

LIGNIN 33.6 18.5 1.38 1.45 
DA260/4 52.4 21.0 3.12 1.58 
DA260/12 48.7 21.7 4.86 2.66 
DA300/4 54.2 17.2 3.90 3.05 
DA300/12 63.4 12.2 3.88 2.39 

 
C-C, C-Hx, C=C  

(sp2 and sp3) 
C-O C=O COO- 

 284.8 eV  286.2 eV  287.3 eV  288.8 eV  

IRON SAND 3.89% - 4.04% 1.43% 
FE260/4 5.53% - 2.37% 1.41% 

FE260/12 9.92% - 2.47% 1.65% 
FE300/4 7.42% - 2.48% 2.35% 

FE300/12 17.5% - 7.26% 3.15% 
 

 

Table 4. Component composition for O 1s for all samples. The different functional groups and their respective bond type 

are stated in bold. Beneath the functional groups are binding energy (BE), stated as averages, from which the 

characteristic groups can be found. Chemisorbed oxygen could also be metal oxides (Fe2O3) or metal hydroxides 

(Fe(OH)3). 

Sample O 1s Other Elements 

 
CHEMISORBED 

OXYGEN 
O=C O-C FE SI 

 530.6 eV  531.6 eV 533.0 eV 711.3 eV 102.5 eV 

DAFE260/4 0.860 6.73 12.9 1.72 - 
DAFE260/12 - 5.88 13.0 - - 
DAFE300/4 - 6.02 10.8 1.11 - 

DAFE300/12 - 4.83 9.03 - - 

 
CHEMISORBED 

OXYGEN 
O=C O-C Na S 

 530.6 eV  531.6 eV 533.0 eV 1072.0 eV 166.3 eV 

LIGNIN - 33.6 15.0 6.99 5.24 
DA260/4 - 3.87 12.2 0.69 0.76 
DA260/12 - 3.39 12.2 0.88 0.53 
DA300/4 - 4.27 11.0 0.43 0.63 
DA300/12 - 3.68 8.6 0.26 0.40 

 
CHEMISORBED 

OXYGEN 
O=C O-C FE SI 

 530.6 eV  531.6 eV 533.0 eV 711.3 eV 102.5 eV 
 

IRON SAND 18.3 36.3 5.01 21.9 9.06 
FE260/4 40.9 17.1 - 25.8 6.87 

FE260/12 38.3 14.7 - 27.5 5.45 
FE300/4 31.1 21.2 3.48 27.3 4.69 

FE300/12 27.6 18.3 3.98 17.7 4.53 
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5.1.2 Analysis with Fourier-transform Infrared Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 6 (a) all four lignin hydrochars have inherited the same characteristic peak region 

between 900-800 cm-1.30–33 This region’s increase in intensity indicated that C-H groups had 

increased in the HTC processed samples, when compared to the raw lignin. This trend was also 

seen in the XPS data, with an increase of created C-H groups following higher temperature and 

longer retention time (Table 3). 

The region between wavenumber 1050-1030 cm-1 belonged to lignin structural units such as ether 

linkages, C-O-C. This region was fundamentally transformed as it decreased, when the raw lignin 

was compared to the lignin hydrochar counterparts (Table 3).30–33 Wavenumber 1600-1500 cm-1 

was dominated by phenolics (and aromatic vibrations), -OH. The first scatter plot (a) showed that 

phenols decreased with temperature and time (Figure 6), which seemed reasonable since there 

were phenols present on raw lignin (Figure 1) and the oxygen decreasing pattern was present in 

XPS (Table 4).  

 The decrease of C=O groups between 1700-1600 cm-1 with increased temperature and time 

were seen in the XPS data (Table 3), was also supported by the FTIR data (Figure 6).30–33 

Moreover, the characteristic lignin valley around 2900-3000 cm-1, which belonged to C-H groups, 

seemed to become steeper with the HTC process. 

 Moving on to the second scatter plot (Figure 6, b), where the raw iron sand and the iron sand 

samples are discussed. The FTIR spectra did not reveal much information, since there are no 

functional groups present on iron, but there are two distinct regions which show that there were 

iron present, labeled r1 and r2. The r1 region was a characteristic region, which seems to favor 

Fe260/4, which was located in the beginning of the fingerprint region. This make it very difficult 

to draw any conclusions from it. The second area of interest was named r2, which details also are 

Figure 6. FTIR data from all samples measured. The first scatter plot (a) depicts the 

measured FTIR spectra and characteristic groups present for the raw lignin and the 

hydrothermal carbonized lignin. The second scatter plot (b) illustrates the raw iron sand 

together with the processed iron sand char products. The final scatter plot (c) characterizes 

the combined iron doped lignin chars together with the raw materials. 
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unknown. However, both regions had their value when the combined iron doped hydrochar 

products were compared with the pure iron products. 

 The last diagram belonged to the combined products (Figure 6, c). From the iron sand, there 

have been a complete conquering of the inception of the fingerprint region, r1, with the valley 

around 600 cm-1 in the lignin becoming eradicated in favor of the iron. 30–33 This area between 600-

400 cm-1 seemed to be increasing in intensity as the temperature and processing time increased. 

The other region from the iron sand, r2, had also been incorporated into all the combined products, 

but seemed to favor low temperature and treatment time. Why FTIR seem to be able to show the 

incorporation of iron in all the combined samples while the XPS was not, simply lied in the fact 

that FTIR analysis in DRIFTS mode goes deeper into the material than what XPS does (<10 μm 

compared to only the surface). This showed that the iron was present, but not on a surface level. 

The overall increase and decrease of groups and bond-types from changes in temperature and time 

with the lignin samples, seemed to be near identical when compared to the iron doped hydrochars. 

This followed the conclusions drawn from the XPS data in the previous sub-section 5.1.1 (Table 3, 

Table 4).  

5.1.3 Analysis with a Scanning Electron Microscope  

Figure 7 illustrates the raw materials used in this project. The first picture to the left was the raw 

image of the surface (SEM), and the second picture to the right was the processed one with an 

overlay of color representing the extent and position of elements present on the surface (EDS 

mapping). As seen in Figure 7, the first image (a), the lignin material could be described as 

crunchy with several cracks and holes. This in comparison to Figure 8, picture (a), where the 

lignin has become more porous, with large craters and valleys. In the raw lignin there seemed to 

be several bright spots, which was unidentified mineral content due to the difference in 

interactions with the electron beam, that was brighter than the carbon and marked as “Electron” 

(Figure 7, a). This compared to the HTC processed lignin (Figure 8, a), where there was a sharp 

decrease in bright spots. However, both samples had carbon as the main element dominating on 

the surface in both cases. 

 

 

 

 

 

 

 

 

 

 

Figure 7. SEM data from the raw materials, lignin in the top row and iron sand at the bottom. The colored pictures 

depict the amount and position of each element present (EDS). 

Sodium, which was present in the raw lignin (Figure 7, a), seems to disappear in the 

hydrothermally carbonized lignin (Figure 8, a). This eradication of sodium was confirmed in the 

XPS alongside the disappearance of sulfur (Table 4). These compounds most likely end up in the 

water solution in the HTC process, but further research of the liquids needs to be conducted to 

confirm that hypothesis. 
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The raw iron as a material could be described as spheres of different sizes incorporated into a unit, 

together with bulk matter holding everything into place (Figure 7, a). This in comparison to the 

HTC processed iron sand (Figure 8, a), where the material and texture seemed to resemble a 

spherical, smooth, egg which had come apart off its rough and rugged shell. The elements present 

in both the raw and the processed iron sand samples seemed to be similar, with the exception of 

manganese present in the HTC sample and chromium found in the raw sample. Furthermore, the 

material which is called “iron sand” did not really resemblance sand in composition, due to the 

lack of silica in the SEM, XPS and FTIR (Figure 7, Table 2, Figure 6). The dominant compound 

on this surface seemed to be oxygen, in green, and iron, in purple, which possibly could be in a 

Fe2O3 configuration. 

 

Figure 8. SEM images depicting the surfaces of the three different materials. Picture (a), (c), and (e) are the raw image 

forms (SEM), while (b), (d), and (f) have been processed with an overlay of color representing the amount of each 

element present (EDS). From top to bottom row: lignin 300/12, iron sand 300/12 and the combined iron doped lignin 

300/12. 

As seen in Figure 8, the top row of images is depicting the surface of lignin after 12 hours of HTC 

at 300 °C. The overarching abundance of carbon, represented in red, together with some areas of 

oxygen, represented in green, are clearly stated. Since lignin was a highly carbon rich material, 

this seemed rational.  

 The second row which represented the iron sand after 12 hours of HTC at 300 °C (Figure 8, 

d), was quite similar to the raw material (Figure 7, d) where in both cases the main compound on 

the surface was oxygen, in green, and iron, in purple. The other elements present in the Fe300/12 

sample were very scarce, such as carbon, manganese and silica which was defined in red, blue and 

orange respectively. 

 The third and final row of images was probably the most informative one. As (f) showed, the 

surface of the iron doped lignin had now become a mix of the two. The bright areas present in 

contrast to the darker ones in (Figure 8, e) was even more defined than in (Figure 7, b) due to the 

increased amount of metal in the sample. The difference in interactions between the carbon and 

the metals made it hard to state any difference between (e) and (a) regarding the texture of the 
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carbon rich parts of the surface, but they seemed to be quite similar. The smooth iron particles, 

which have the characteristic round shape, had been incorporated onto the carbon rich surface of 

the lignin, though in a less organized form. This could also be seen in (f), where the bright areas in 

(e) had the elements represented in color in those same areas, clearly differentiating the carbon 

rich lignin material and the metals from each other. Moreover, there seems to be an increased 

amount of sulfur, shown in pink, but more surprisingly chromium, represented in yellow, in the 

combined product (f) when compared to (d).  However, this is not supported by the XPS analysis, 

which shows that there are practically no sulfur or chromium present in the iron doped hydrochar 

samples (Table 2). 

 Furthermore, the green color, oxygen, is less present in (f) than in the iron sample (d) while 

the iron as purple was similarly abundant in both samples. The decrease in green on the iron doped 

lignin char EDS image (f) was due to there being less overall oxygen present on the surface, as 

seen in the XPS data (Table 4), and follows the established pattern of decreased amount of oxygen 

with higher temperature and retention time. 

 It was noticed as well, that the iron sphere in the bottom left of the picture, seems to be more 

purple (higher iron, less oxygen), which indicated that some reduction might have occurred. 

Unfortunately, due to the carbon coating, which prevents the XPS to seeing the iron, we could not 

confirm if this was the case and further studies would be required to confirm this.  

5.1.4 Analysis of Surface area and pore volume with nitrogen adsorption   

The primary data, the raw output from the adsorption isotherm, was corrected with BET theory to 

calculate the secondary data, the specific surface area. This is done by the analysis software and 

the results are stated in Table 5. All iron samples and Da260/4 had macropores (over 50nm), while 

the remaining samples had mesopores (2 to 50nm) and no micropores was observed (Table 5).  

 The surface areas of the different hydrochars varied immensely (Table 5). There was however 

a pattern to be seen. The longer retention time (12 hours) generated a larger surface area. The 

same could be stated regarding temperature, with increased temperature (300 °C) leading to 

increased surface area. The smaller the particle, the higher the surface area. Therefore, when 

subjecting char to more energy and longer time for reactions, the resulting char should contain 

smaller particles, resulting in a larger surface area. 

 This trend could be seen in the lignin samples, where the difference between the lowest value, 

Da260/4 with 5.85 m²/g, and the highest value, Da300/12 with 97.91 m²/g, resulted in a substantial 

92% difference between the two.  

Table 5. BET data describing the surface area, pore volume and pore size of the different made hydrochar samples. All 

samples with lignin except Da260/4 had mesopores, 2-50nm in size. The only lignin sample with macropores, pores 

larger than 50nm, are underlined and belongs to Da260/4. Furthermore, the samples with standard deviation stated 

were measured in triplicates due to their inhomogeneous results. 

 

 

Sample 

Surface Area  Pore Volume  Pore Size  

BET 

(m²/g) 

RSD 

(%) 

Single point 

adsorption  

(cm³/g) 

RSD 

(%) 

Adsorption 

average 

pore width. 

(nm) 

RSD 

(%) 

DA260/4 5.85 ± 0.04  0.14  96.1  

DA260/12 17.0 ± 0.12  0.11  26.6  

DA300/4 67.0 ± 0.36  0.29  17.3  

DA300/12 97.9 ± 1.29 40.9 0.30 24.0 15.7 77.7 

FE260/4 0.930 ± 0.0170  0.0849  365  

FE260/12 0.838 ± 0.0197  0.0647  309  

FE300/4 0.314 ± 0.0125  0.0153  194  

FE300/12 1.06 ± 0.0589  0.0769  289  

DAFE260/4 3.46 ± 0.0257  0.03  30.2  

DAFE260/12 5.91 ± 0.0277  0.04  26.0  

DAFE300/4 77.9 ± 0.657  0.34  17.7  

DAFE300/12 85.6 ± 0.898 21.7 0.27 38.0 12.8 36.0 
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When comparing the lignin to the iron samples, the highest surface area recorded belonged to 

Da300/12, with ca 98 m²/g, while the iron sample with the largest surface area, Fe300/12, only 

measured to be 1.06 m²/g. The iron samples had overall a very low surface area and pore volume, 

but unusually large pore size. Iron have a relatively smooth and flat surface, which could be the 

reason why the unusually large pore size was reported. However, a general trend could be seen, 

the larger the pore size the lower the surface area and pore volume. This was apparent in all iron 

samples, but also in Da260/4 and Dafe260/4 and DaFe260/12 (Table 5). 

 There was a connection between the lignin samples and the combined products increase in 

pore volume with the earlier suggested pattern, regarding temperature and processing time. This 

trend suggested that all carbon heavy material treated by HTC for a long time and high 

temperature constructed surfaces with large surface areas as well as pore volume. However, the 

surface area and pore volume in the combined products was not as large as the pure lignin 

samples. The reason behind this could simply be the incorporation of iron to the iron doped chars, 

since the pure iron did not exceed favorable BET results. A decrease in surface area following 

with the inclusion of iron into the combined samples, seemed reasonable. The iron did however 

not appear on the surface of the iron doped lignin chars, since the XPS data showed only trace or 

undetectable amounts of iron on the surface (Table 2).  

5.2 Adsorption analysis 

 5.2.1 Removal Efficiency 

The addition of iron to the combined char, was a relevant factor when it came to adsorption of 

methylene blue. Figure 9, which was calculated with the help of formula (4), shows the amount of 

diluted methylene blue dye that has been adsorbed onto the char and at the same time was 

removed from the solution. The pure lignin samples (Figure 1 Appendix B), shows that the 

removal efficiency for all samples were between 99-100%, except for Da260/4 with ca 80% 

removal efficiency in the highest concentration of MB, 0.2 mg/ml. 

 

 

 

 

The bottom diagram in Figure 9 is concerned with the combined iron doped lignin hydrochar. 

Here all chars were on equal basis in the beginning, but started to differ radically between 0.1 

mg/ml concentration of MB to 0.2 mg/ml. DaFe300/4 and DaFe300/12 had the least decrease, 

about a 18-25% decrease down to 82% and 75% in RE respectively. While DaFe260/4 and 

DaFe260/12 decreased as far down as to 1% and 14% in RE at 0.2mg/ml of MB. This is strongly 

connected with the poor surface area seen in Table 5, where the lower temperature and shorter 

retention time leads to less decay of iron particles, resulting in larger particles and lower surface 

area. Da260/4 as well as DaFe260/4 and DaFe260/12 shows that the smaller the surface area, the 

lower the adsorption capacity (Table 5, Figure 9, Figure 1 Appendix B).  
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Figure 9. Removal efficiency of methylene blue from solution by iron doped lignin, plotted against the 

original concentrations used. The removal efficiency was calculated with formula (4).  
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 5.2.2 Relative Standard Deviation 

The connection between removal efficiency and the lower temperature processed iron doped chars 

also explained something else, why there was a big difference between repeated measurements 

made on the same char. More than 40 extra measurements had to be done, including both whole 

series of DaFe260/4 and DaFe260/12. This to come close to the goal RSD value of 10%, with a 

few percent deviation was deemed as acceptable after triplicate measurements. As stated earlier, 

even after triplicate (or quadruplets in the case of DaFe260) measurements were made, there were  

9 points with too high RSD. These ranged from ca 22% to 168% in difference, of relative standard 

deviation, between measurements (Table 6). The samples that had iron in them, especially the 

ones subjugated to the lower temperature procedure, had very different results depending on what 

part of the char that were analyzed.  

The inhomogeneity was also noted in the nitrogen adsorption analysis, since two of the samples 

were conducted in triplicates due to the data yielded being inconsistent (Table 5). 

Table 6. Relative standard deviation (RSD), or coefficient of variation, was calculated with formula (5). RSD was used 

to determine whether the measured adsorption values deviated too strongly from each other, and if additional measurements 

were needed. The values underlined are the triplicates that did not fall below the RSD goal of ca 10%. The initial 

concentrations, C0, are stated in italic above the RSD values. 

Sample Relative standard deviation (%) 

  0 mg/ml 0.005 mg/ml 0.01 mg/ml 0.025 mg/ml 0.05 mg/ml 0.1 mg/ml 0.15 mg/ml 0.2 mg/ml 

DA260/4 0 0 0 0 0 13.6 22.0 9.09 

DA260/12 0 0 0 0 0 0 141 141 

DA300/4 0 0 0 0 0 0 0 30.5 

DA300/12 0 0 0 0 0 0 13.0 39.7 

DAFE260/4 0 0 0 0 6.26 4.13 0.702 0.605 

DAFE260/12 9.92 12.3 10.4 2.83 140 8.91 6.46 12.9 

DAFE300/4 0 14.6 7.65 4.10 16.5 16.3 142 9.63 

DAFE300/12 0 0 0 0 0 109 168 1.65 

 

The difference in density between the lignin and the iron sand could also have played a part in this 

conundrum. Due to the fact that the iron sand was so much denser and thus heavier than the lignin, 

the volume of added iron sand was very small in comparison to the light lignin since both were 

measured out on a scale to equal 50 g each. With the lower temperature incapable of breaking 

down the iron particles, which resulted in larger particles in the end product and lower surface 

area, made the distribution of iron among the char uneven and the sample inhomogeneous. 



Umeå University Andreas Granström Spring 2018 

 

17 

 

 5.2.3 Adsorption Capacity 

 

 

 

Adsorption of methylene blue on the pure lignin samples were mostly linear and effective, with 

the higher retention time and temperature yielding in an increased linear adsorption response. This 

indicates that the surface was not yet saturated with MB in most lignin samples, which also were 

confirmed in the removal efficiency table which was linked to the surface area seen in the BET 

data (Table 5). The opposite can be seen in the combined iron doped lignin where the saturation 

made the curve flat as it deviated from linearity, with increased concentration of MB, which also 

followed the removal efficiency diagram (Figure 10). 

 The pure iron sand samples did adsorb very little, if any, amount of methylene blue when 

tested. The inclusion of Fe300/12 in the bottom right corner in Figure 10 depicts the efficiency of 

adsorption. The inconsistent curve of DaFe260/4 and DaFe260/12 showed how unsatisfactory the 

lower temperature was for the combined product, which followed the increase in surface area 

which was in direct connection with the lower temperature (Table 5). Those chars were also 

confirmed to be highly inhomogeneous, since they were tested in quadruplicates and still did not 

yield proper results (Table 6), hence the unconventional form of the curvature (Figure 10). 

 The inclusion of iron on the surface of the combined iron doped lignin samples, could be a 

reason why the curves deviated so much from linearity and seemed to become saturated faster than 

their pure lignin counterparts. However, since the fact that XPS did not find any substantial 

Figure 10. Adsorption capacity of methylene blue (Qe) plotted against the initial concentration (Co). This figure 

displays the overall adsorption of MB in all lignin and iron doped lignin samples, and was calculated with formula 

(1). Since the iron sand did not adsorb MB, only Fe300/12 are included as a representation for all iron samples. 
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amounts of iron on the surface of the combined products, due to carbon coverage, deemed this 

conclusion unlikely (Table 2). The other, more probable, hypothesis was that the inclusion of iron 

changed the creation of pores on the surface. This meant that because the iron was successfully 

introduced and incorporated into the char, which were apparent in the FTIR data (Figure 6), 

resulted in the surface changing. A plausible hypothesis could be that the carbon on top of the iron 

could not create the same structure or pores (BET), which reduced the adsorption capacity of the 

char (Table 5, Figure 9). Hence, the increased saturation of adsorbed MB solution with higher 

concentrations of MB in DaFe300/4 and DaFe300/12 in the combined chars (Figure 10). 

 5.2.4 Adsorption Isotherm models Freundlich and Langmuir 

Regarding Freundlich values for coefficient of determination, R2, none of the samples reached the 

goal of coming close to 0.99 (Table 1 Appendix A). Moreover, the data regarding the Freundlich 

isotherm model showed that all the n values, the strength of adsorption, were below one. This 

meant that most of the samples had a broad distribution of interacting energies on the surface (as n 

diverged from 1), and those surfaces had not been fully saturated with methylene blue.34 However, 

the 1/n values implied something else, that the adsorbate was easily adsorbed onto the surface 

because 1/n was below 0.5, while a value higher than 2 would imply the opposite.35 The recorded 

KF values indicate the same trend, since a significant KF value would imply high maximum 

adsorption capacity. Hence, the data about the Freundlich isotherm model indicated that the 

adsorption model was not suitable for lignin and iron doped lignin, but that the adsorbate was 

easily adsorbed onto the surface, apart from DaFe260/12 and DaFe300/4. 

Table 7. The results from the adsorption isotherm model Langmuir, calculated with the help of formula (3). 

Sample Langmuir 
R2 Qm k 

DA260/4 1 0.03 3E-0.7 

DA260/12 

 

0.99 0.027 7E-0.9 

DA300/4 

 

1 0.03 - 

DA300/12 

 

0.99 0.03 1E-0.8 

DAFE260/4 

 

0.16 0.04 0.0017 

DAFE260/12 

 

0.91 0.19 0.0012 

DAFE300/4 

 

0.99 0.03 1E-0.5 

DAFE300/12 

 

0.99 0.03 5E-0.6 

 

Furthermore, Table 7 showed that the opposite was true for Langmuir, with all samples except 

DaFe260/4 possessed R2 values between 0.91-1, which strongly indicated that the isotherm model 

was suitable for this evaluation.34 All samples also had positive Qm values, which represented the 

maximum adsorption of methylene blue per unit weight, that formed an entire surface monolayer 

on the char. The other term was the k values, the Langmuir constant, which were concerned with 

adsorption capacity. 36 Both of these terms indicated that the adsorption was favorable. 
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5.3 Surface influence on adsorption capacity 

 5.3.1 Difference between surface area and functional groups 

In the SEM and EDS pictures (Figure 8) there seemed to be a lot of iron on the surface of the 

combined products, and the incorporation of iron into the samples was confirmed by FTIR (Figure 

6). However, regarding the surface, the XPS gave a contradictory report to the SEM (Table 2). 

According to the XPS, the surface was dominated by carbon and carbon linked functional groups, 

which increased with higher temperature and longer time, simultaneously as the oxygen linked 

groups decreased (Table 3, Table 4). This lead to the suspicion that the surface was covered with 

carbon, which was the reason why the XPS (surface only) did not recognize the iron while the 

FTIR (<10 μm deep) was able to. 

 The same trend regarding temperature and processing time was also seen in the analysis of 

surface area and pore size, which strongly correlated to the char’s ability to adsorb methylene blue 

(Table 5, Figure 9, Figure 10). The incorporation of iron to the iron doped lignin samples in 

conjunction with low temperature and retention time, resulted in large particles since the iron did 

not break apart. Hence the small surface area. This did also affect how homogeneous samples 

were, where the iron doped lignin samples were the most inhomogeneous (Table 6), 

inhomogeneity which also was seen in the BET (Table 5). The smaller the surface area, the worse 

the adsorption ability, which was seen in the removal efficiency and adsorption capacity diagrams 

(Figure 9, Figure 10).  

 In this study, surface area had a larger impact on the adsorption capacity of the chars than the 

presence of functional groups, since the difference in carbon groups between DaFe260/4 and 

DaFe300/12 was ca 49% to ca 59%, while the difference in surface area was between ca 3 m2/g to 

ca 86 m2/g (Table 3, Table 5). DaFe260/4 adsorbed the least of the iron doped samples and got 

saturated very fast, in comparison to DaFe300/12 that adsorbed very well and only showed signs 

of saturation between the two highest concentrations of MB, 0.15mg/ml and 0.2 mg/ml (Figure 9, 

Figure 10).  

 The pure iron samples did not adsorb MB, both because of the low surface area, but also 

because the absence of functional groups on the flat iron surface. The methylene blue cation did 

not have anything to bind to, due to its positive nature. This in comparison with the pure lignin 

samples, due to its carbon rich material and surface, had excellent adsorption capacity of MB. The 

addition of iron to the iron doped samples clearly did influence the adsorption of MB, but at the 

same time, the number of functional groups were similar to the pure lignin. Specifically, the 

incorporation of iron influenced the creation of pores. For example, DaFe260/12 and DaFe260/4 

had pore volume of 0.04-0.03 cm³/g and pore size ca 26 nm and 30 nm respectively, while the 

similarly made char without iron Da260/4 had pore volume 0.12 cm³/g and pore size of ca 96 nm 

(Table 5).  

 The importance of this work and the societal impact that this type of research may add to, in a 

long-term perspective, is related to the use of residues from different processes in creating a 

product that can be used in environmental applications that improves the safety and protects the 

health of both humans, and other organisms. However, before that can be accomplished, more 

work is required. If the chars would be used to treat real wastewater, where specific functional 

groups would be crucial for bonding, the story would be different. For example, the toxic 

methylene blue favored carbon linked functional groups (Table 3), monolayer adsorption 

according to the Langmuir isotherm model (Table 7) and high surface area (Table 5). However, 

MB did not adsorb onto the iron, due to the lack of functional groups (Figure 10), regardless the 

size of the particle (Table 5). Therefore, research focused on adding additional functional groups 

to bind more pollutants, is required. Moreover, to evaluate the efficiency of the incorporated iron 

in the iron doped lignin samples, further studies with a different adsorbate specifically designed 

for iron as adsorbent, is needed. 
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6. Conclusions 
When comparing all iron doped lignin char samples, DaFe300/12 was the one that adsorbed the 

most methylene blue due to the large surface area (ca 86 m2/g) and high amount of carbon linked 

functional groups (ca 59%). However, the adsorption of methylene blue decreased, when 

comparing the pure lignin samples to the iron doped samples. This was because of the 

incorporated iron, which did to not adsorb the methylene blue cation, hence having a decreasing 

effect on the iron doped samples. The iron was after all not present on the surface, but located 

deeper inside the particles, with a surface layer of carbon on top. However, the iron seemed to 

change the pore volume and the amount of carbon linked functional groups of the samples, which 

influenced the adsorption capacity. 

 Another trend was also noted. With lower temperature and shorter retention time in the HTC, 

the production of carbon and carbon linked groups on the surface of the char was lower, while 

simultaneously yielding higher amount of oxygen linked groups on the surface. The lower the 

temperature the less energy available in combination with shorter amount of time for reactions to 

occur, the bigger the particles. This in relation to the high temperature samples were the iron were 

broken down much more efficiently. The bigger the particles the smaller the surface area, which 

seems to be the main factor to determine which sample would adsorb the most. The difference in 

functional groups on the surface or the bulk composition of the particles seems to matter less than 

the available surface area for the adsorbate to adsorb onto. Hence the material with the greatest 

surface area had the greatest adsorption ability of methylene blue.  

 Regarding the iron doped lignin char, further studies are needed, specifically with an adsorbate 

designed for iron as adsorbent. Another possible angle of research is to penetrate the carbon 

surface to reveal the iron beneath, and investigate if that would increase the binding capacity of 

the iron, while monitoring how the carbon surface would react to such treatment.  

 The overall prospects of the iron doped hydrochar are promising. Production of a material 

capable of cleaning water by relatively cheap methods while being environmentally friendly, is not 

trivial, and will take further effort and research to accomplish. If the hydrochar would be used to 

treat real wastewater, additional functional groups would be crucial for specific pollutant bonding. 

Therefore, the addition of other functional groups or incorporation of additional waste materials, 

should be further examined. 
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9. Appendix 
Appendix A 

The data regarding the Frundlich isotherm model that did not fit this project. 

 

Table 1. The results from the adsorption isotherm model Freundlich, calculated with the help of formula (2). 

SAMPLE FREUNDLICH 
R2 n 1/n KF 

DA260/4 0.48 -0.23 -4.27 0.49 

DA260/12 
 

0.49 -0.20 -4.95 0.53 

DA300/4 
 

0.26 -0.19 -5.13 0.67 

DA300/12 
 

0.44 -0.22 -4.59 0.27 

DAFE260/4 
 

0.44 -0.22 -0.59 0.27 

DAFE260/12 
 

0.23 0.318 3.14 1.18 

DAFE300/4 
 

0.37 0.36 2.77 2.18 

DAFE300/12 
 

0.41 -0.24 -4.23 0.54 

 

Appendix B 
Removal efficiency of methylene blue from solution by the pure lignin samples, which nearly all 

achieved 100% RE. 

 

Figure 1. Removal efficiency of methylene blue from solution by HTC processed lignin. The removal efficiency was 

calculated with formula (4). 
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