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Abstract 

Alternative methods of managing sewage sludge have become a topic of increasing interest as 

traditional disposal methods are becoming more regulated and costly due to environmental 

concerns. One promising alternative treatment method is hydrothermal carbonization, a 

thermochemical process that can convert wet biomass to a higher energy-dense solid known as 

hydrochar. Hydrochar produced by SoMax Circular Solutions was characterized and the 

adsorption of Cu(II) ions was measured and compared to designer glucose hydrochar whose 

structure is more well-understood. Multiple analysis methods including FTIR, Raman 

spectroscopy XRD, and Boehm titration were employed. The high ash content of the hydrochar 

was found to influence the results making a direct comparison to other hydrochar difficult. The 

maximum absorption capacity of the SoMax hydrochar was found to increase from 22.6 to 49.0 

mg Cu(II) g-1 following chemical treatment with Potassium Hydroxide. Chemical activation was 

found to change the best fit adsorption model from Langmuir to a non-interacting dual site 

Langmuir. Sewage sludge hydrochar was determined to be a potentially promising Cu(II) 

adsorbent as secondary treatment was not required for detectable adsorption.    
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Introduction 

The United States alone produces a nearly estimated 7.18 million tons of dry sewage each 

year as a byproduct of water treatment [1]. While the specific composition of the sludge varies 

depending on its source, sludge is typically comprised of organic materials derived from mostly 

organic wastes, as well as hazardous materials such as heavy metals from industrial runoff and 

harmful microorganisms [2]. Due to these harmful contaminants, it can be expensive to properly 

dispose of sewage sludge as it needs to be treated before disposal. Processing sewage sludge 

accounts for roughly half the entire operating costs at wastewater treatment plants even though it 

only composes a few percent of the total volume of mass treated at these facilities [3]. 

Converting sewage sludge to hydrochar via hydrothermal carbonization (HTC) is a 

promising alternative to traditional treatment methods such as incineration and landfilling. HTC 

can convert wet feedstock such as sewage sludge and convert it to a more energy-dense 

carbonaceous solid material [4]. The ability to process wet feedstock is advantageous as it 

removes the need for a drying step in the treatment process that is necessary for traditional 

methods and other thermochemical reactions such as pyrosis. Hydrochar has many potential uses 

including its use as solid bio-coal for combustion, conversion into fertilizer, and as a sorbent for 

heavy metal and organic compounds [5]. 

  Many HTC wastewater treatment sites exist globally already, these plants primarily use 

their hydrochar as fuel or fertilizer [6]. There is an interest in using sewage sludge-derived 

hydrochar as a sorbent that can be used to treat wastewater potentially for use onsite of these 

treatment plants. SoMax Circular Solutions is one of these treatment plants that has expressed 

interest in using their hydrochar as a higher-value product sorbent and has provided hydrochar 

they produced on an industrial scale for characterization and heavy metal adsorption testing.  
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           Hydrochar and HTC as a field has been growing area of interest in the scientific 

community in recent years. Much of the published hydrochar characterization has been on design 

hydrochar produced from simpler homogenous feedstocks than sewage sludge such as glucose. 

These designer hydrochar have been shown to have low heavy metal adsorption capacities 

without additional treatment [7]. Chemical treatment with potassium hydroxide (KOH) has been 

shown to greatly increase the adsorption capacity of designer hydrochar as it deprotonates 

oxygenated surface groups allowing for easier cation exchange with heavy metals in aqueous 

solutions [8].  

 If potassium is present in sewage sludge in non-trace amounts and has been shown to also 

be present in its derived hydrochar, then sewage sludge hydrochar should have a higher Cu(II) 

adsorption capacity than designer hydrochar. The goal of this work was to characterize 

unmodified and KOH activated SoMax Sewage sludge hydrochar and to measure their Cu(II) 

adsorption capabilities to see how it compares to glucose derived hydrochar. This paper will also 

seek to explain how KOH activation modified the hydrochar and relate it to the differences 

observed in Cu(II) adsorption. Specific focus will be given to identifying what role oxygenated 

surface groups such as carboxylates and involatile compounds play in Cu(II) adsorption. Further 

this paper will aim to fit the Cu(II) adsorption isotherm to a model to gain a better understanding 

of how physically hydrochar acts as a Cu(II) sorbent.  
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Background 

Treatment and Disposal of Sewage Sludge  

Sewage sludge, also sometimes referred to as biosolids, are a solid byproduct produced 

from wastewater treatment processes. The specific composition of sewage sludge produced 

varies depending on the source of the municipal waste, for instance, sludge from China contains 

less organic material than that of sludge sourced in developed countries [9]. The organic 

materials in sewage sludge are derived from mostly organic wastes and microorganisms, but it 

also contains hazardous materials such as heavy metals from industrial runoff [2]. Due to the 

composition of sewage sludge, if untreated it cannot be disposed of safely. Contaminants in 

improperly disposed sewage sludge can find their way into the environment as harmful 

pollutants and exposure to humans can lead to health concerns [10].  Processing sewage sludge 

accounts for roughly half the entire operating costs at wastewater treatment plants even the dry 

solids only compose 1-2% of the total mass treated at these facilities [3], [11]. 

The treatment and allowed disposal methods of sewage sludge have become increasingly 

regulated in recent decades as countries such as the United States have passed laws such as the 

Clean Water Act of 1972 and its amendments [12]. Similarly, Council Directive 86/278/EEC of 

the European Union, also known as the Sewage Sludge Directive, was passed to ensure that 

sewage sludge used in agriculture does not impact the environment [13]. Regulations such as 

these have been passed to reduce pollution caused by sewage sludge and municipal waste and 

increase environmental safety. However, these regulations have contributed to the high cost 

related to treating sewage sludge as they set limits on acceptable pollutant levels in disposed 

sludge and prohibit low-cost environmentally unfriendly disposal methods such as ocean 

dumping [14].  
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The three most prevalent uses of sewage sludge in increasing order in the United States 

are incineration 14%, landfilling 42%, and land applications 43%, with the other 1% 

incorporating all other disposal methods [15]. To reach the point where sewage sludge can be 

disposed of by any of these methods it must first be treated. Sewage sludge undergoes thickening 

and dewatering processes to decrease the amount of liquid and increase the solid content of the 

sludge. Drying methods vary between countries and treatment sites and include mechanical 

methods such as centrifugation and belt filter presses [16] as well as evaporation-driven methods 

such as drying beds [17]. Regardless of the method, it is time and energy intensive to reduce the 

water content of sewage sludge as large volumes must be continuously processed. Following this 

sludge typically undergoes processes such as anaerobic digestion or treatment with lime to lower 

the organic content present in the sludge and to remove harmful pathogens [3]. Further treatment 

may also be applied to the sludge depending on the desired final disposal method or usage.  

Landfill disposal is the most prevalent disposal method of those discussed here in less 

developed countries as well as in members of the EU-12 [18]. However, it has become 

increasingly unsustainable as land for dumping sites is finite and has become increasingly scarce 

in many countries. Landfilling is decreasing in popularity even in countries that have abundant 

land resources for dumping sites such as the United States. New regulations along with landfill 

taxes and the reluctance of landfill operators to accept sewage sludge to do construction 

difficulties have increased the cost of this disposal method [19]. 

Land amendment disposal methods differ from landfill methods as they aim to use 

sewage sludge as a resource. Treated sludge can be used for land reclamation, fertilizer for 

agricultural land, and a variety of less common uses in places such as golf courses or home 

gardens [15]. This is because sewage sludge has high concentrations of nitrogen (N) and 



9 
 

phosphorus (P) [20]. Use as an agricultural fertilizer has specifically been increasing in usage as 

an alternative to conventional disposal methods [21]. Heavy metals such as copper (Cu) and lead 

(Pb) are common in sewage sludge due to industrial wastewater and rainwater runoff, these 

contaminants restrict the usage of sewage sludge as a land amendment as these metals as toxic 

and accumulated in the soil reducing soil productivity and increasing pollution [22]. There is also 

the concern that these toxic metals could find their way into groundwater. 

To reduce the toxicity of sewage sludge being used for land amendment, heavy metals 

within the sludge are either removed or immobilized. Immobilization occurs when the heavy 

metals are converted into more stable states that have reduced mobility and lower bioavailability 

[23]. Methods for heavy metal removal include leaching, bioleaching, ionic liquid extraction, and 

electrokinetic remediation. sludge [24], [25]. Often immobilization is preferred, as removal 

methods are costly, time intensive, and have a varying degree of homogeneity [25]. Composting 

is a common method used to immobilize heavy metals in sewage sludge [26]. The addition of 

basic compounds [27], aluminosilicate materials such as fly ash [28], zeolites [29], and 

phosphorus-bearing materials [30] have also all been shown to immobilize or pacify heavy 

metals found in sewage sludge.   

Incineration of sewage sludge is a mature thermal treatment method used to dispose of 

sewage sludge. There are several specific methods of incineration used to dispose of sewage 

sludge, but it is of note incineration broadly does not refer to thermochemical treatment methods 

such as pyrosis or the later discussed HTC. Incineration is often an alternative method of 

disposal when there is a lack of land resources [31]. While land amendment and landfill methods 

contribute to land or water pollution, incineration of sewage sludge contributes to air pollution. 

Sewage sludge being used as incineration fuel must be dried to a lower moisture content than 
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sludge disposed of in other methods or else it can lead to combustion issues in the furnace [9]. 

Dewatered sludge has a moisture content of 80% [32], [33] and must be further decreased to 

lower than 30% to be an effective fuel [34]. Lowering the moisture content is achieved by 

traditional thermal drying or by metabolic heat generated by aerobic microorganisms 

decomposing organic matter [35]. Further dewatering treatments contribute to the cost of 

incineration methods along with the filtration of pollutant emissions produced. Nitrogen [36] and 

sulfur oxides [37] are prevalent air pollutants produced from sludge incineration that are 

regulated by the Clean Air Act in the United States and other regulations that aim to achieve 

similar goals globally. 

The disposal methods detailed in this section are not a comprehensive list of all sewage 

sludge management methods, but a brief overview of the most popular and mature methods used 

globally. Many innovative methods to deal with sewage sludge are being investigated including 

thermochemical technologies such as pyrolysis [31] and use as alternative additives in cement 

[3].  

Hydrothermal Carbonization 

Hydrothermal carbonization (HTC) is an exothermic thermochemical conversion method 

that converts organic material, typically waste such as sewage sludge into usable high-carbon 

content products [4]. The main product of HTC is the solid phase known colloquially as 

hydrochar, however, other usable phases including syngas and crude bio-oil are also produced in 

smaller amounts which vary based on conversion conditions. The main advantage of the HTC 

process against other similar thermochemical conversion methods is the ability of HTC to 

convert high water-content biomasses [38]. Feedstock for similar thermochemical processes such 

as pyrolysis used to create biochar must be dried before treatment [39] which can be time and 
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energy intensive limiting the economic viability. Due to this HTC is considered advantageous for 

the treatment of several high-water content waste sources including the previously discussed 

sewage sludge, animal manures [40] food [41], agricultural, and forestry [42] wastes. 

The feedstock for the HTC process is comprised of organic matter, typically waste and 

water. The feed in the presence of oxygen is then subjected to temperatures ranging between 

180-250 °C for residence times varying between 1 and 72 hours [43]. During this period, the 

feed is under an autogenic pressure of 2-6 MPa [44]. The process produces a liquid slurry as well 

as small amounts of syngas. In laboratory settings, the gaseous phase of HTC is small and often 

not captured and instead lost to the environment. The slurry contains solid hydrochar which can 

be separated by filtration and an oil and aqueous phase which can be separated by a rotovap or 

other method. 

 

Figure 1: Diagram of HTC Process from Feedstock to Separated Phases 

The heated aqueous conditions of the HTC cause the degradation of organic molecules, 

cellulose, hemicellulose, and lignin [45]. Biomass subjected to HTC is thought to be governed by 
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hydrolysis due to its lower activation energy. During hydrolysis, the bonds of the ester and ether 

bonds of the lignocellulosic biomass are broken [46]. Dehydration and decarboxylation are then 

thought to occur and to be responsible for reducing the H/C and O/C ratio of the hydrochar. 

Proteins when present in feedstocks are converted to smaller molecular weight peptides by 

hydrolysis reactions. The primary mechanisms of amino acid decomposition have been identified 

as deamination and decarboxylation [47]. Lipids in the form of fatty acids are also broken down 

by hydrolysis [48]. The reactive chemical fragments formed by the decomposition processes are 

subject to recombine by a series of condensation, polymerization, and aromatization reactions 

[43] resulting in the final hydrochar structure. These processes do not occur in a set order but 

instead in parallel making it difficult to understand specific chemistry. The mechanisms that 

govern HTC vary depending on the process parameters and feedstock used. Most of the work on 

understanding the kinetics and reaction pathways has been performed using hydrochar produced 

from model compounds such as glucose, and thus the reaction mechanisms of more complex 

biomass feedstock are less understood [48].  

Operating conditions for HTC reactions are broad and there is not a universally accepted 

best method to produce hydrochar. Reactor conditions vary depending on the feed source with 

the goal of optimizing the hydrochar product ratio or a specific property of the solid hydrochar. 

There have been many papers published detailing and comparing HTC parameters used for 

different feedstocks. Literature on the topic suggests the most important parameters for the HTC 

process are the temperature of the reaction, followed by the time and water-to-organic material 

ratio of the feed [49]. The initial pH of the feed has also been shown to influence the conversion 

rates. The ratio of solid products produced has been shown to decrease with temperature, with 

temperatures above 250 °C favoring the production of liquid oil phases. It should be noted that 
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above 250 °C a different but related thermochemical process known as hydrothermal liquefaction 

(HTL) occurs. HTL is a more intense process than HTC and produces liquid biocrude as the 

main product. A third even more intense process occurs above temperatures above 374 °C. This 

process known as hydrothermal gasification (HTG) produces syngas as the main product. Both 

alternative processes produce some amount of solid hydrochar product, but HTC has the highest 

ratio of solid yield and is the focus of this paper. Residence time has been shown to have a 

similar but lesser effect on solid yield. It has been shown to be possible to get similar solid yields 

at different temperatures by varying the residence time, because of this sometimes a reaction 

severity parameter based on time and temperature is used to compare hydrochar produced by 

different methods [50].  

The initial ratio of solid biomass to water also influences hydrochar yield. Experiments 

on a variety of feedstocks including miscanthus (a type of grass), glucose, and starch have shown 

that biomass-to-water ratios within the 1:5 to 1:8 range have the highest hydrochar yields [49]. In 

the same studies, higher ratios of biomass resulted in an increased gas phase and lower ratios of 

biomass increased liquid phases. Hydrothermal processes are carried out in reaction media with 

initial pH values below 7, as alkaline conditions can lead to substantially different products [43]. 

More acidic conditions, pH > 4.2 have been shown to have a positive effect on the hydrochar 

yield [51], however, results have also indicated that the pH affecting additive itself may be more 

important than the initial pH [52].  

Hydrochar Characterization Techniques 

 This section will aim to discuss commonly used techniques to characterize hydrochar, 

specifically the methods used in this paper; Brunauer, Emmett, and Teller (BET) theory, Fourier 

transform infrared (FTIR) spectroscopy, Raman spectroscopy, Boehm titration, X-Ray 
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Fluorescence, (XRF), X-Ray Diffraction (XRD) and Inductively Coupled Plasma Mass 

Spectrometry (ICP-ms). It should be noted this is not an exhaustive list of methods used in 

literature to characterize hydrochar. Other methods such as Nuclear Magnetic Resonance 

(NMR), Near-Edge X-ray Absorption Fine Structure (NEXFAS), and X-ray photoelectron 

spectroscopy (XPS) are also commonly used to characterize hydrochar but are not necessary to 

understand the findings of this paper. 

           BET theory is a commonly used method to determine the surface area and porosity of 

samples [53]. In BET analysis a known amount of gas, usually N2, is released stepwise in a 

vacuum on a known mass of sample. If N2 is used the solid surface is chilled with liquid N2 to 

obtain detectable amounts of adsorption. During this time the gas molecules adsorb to the surface 

in a monolayer. The pressure of the cell is continuously and precisely monitored, and this is 

continued until a saturation pressure is reached indicating no more gas is being adsorbed to the 

surface of the sample. After the adsorption layers are formed the sample is removed from N2 and 

heated allowing for the adsorbed nitrogen to be quantified. Using this data, a BET isotherm is 

constructed which plots relative pressure vs the volume of adsorbed gas. CO2 is often used as a 

N2 substitute for porous samples such as hydrochar due to concerns that N2 at low temperatures 

is unable to penetrate complex porous microstructure [54].  

           FTIR, Raman spectroscopy, XRD, XRF, and Boehm titration are all used as methods to 

provide detail on the chemical composition of samples. FTIR is a nondestructive method to 

identify organic compounds within a sample. It works by subjecting samples to varying 

wavelengths of infrared radiation and recording the transmittance at these wavelengths. Infrared 

radiation induces vibrations either stretching or bending to the bonds of the atoms and different 

bonds and functional groups absorb different frequencies resulting in different identifiable 
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patterns in the recorded spectrum. These patterns can be used to identify specific bonds and 

functional groups present in the sample. FTIR is typically used as a qualitative tool.  

           Boehm titration is a quantitative method that can be used to determine the density of acid 

and base groups per mass sample. The technique works under the principle that weaker bases 

only oxidize stronger acidic sites on the hydrochar surface. Specifically, the weakest base 

Sodium Bicarbonate (NaHCO3) only reacts with the carboxylic acid sites which are the most 

acidic. Stronger bases such as Sodium Carbonate (Na2CO3) react with carboxylic acid sites and 

less acidic lactonic groups. Finally, the strongest bases such as Potassium Hydroxide (KOH) 

react with all acid surface groups including phenolic groups. Through the difference in back 

titration using solutions of the bases listed, it is possible to determine the surface density of the 

acidic surface functional groups [55].  

Raman spectroscopy works based on the principle of Raman scattering, which occurs 

when light interacts with a sample and the scattered photons have a change in energy. This 

happens in approximately 1 in 10 million photons [56]. In Raman spectroscopy light from a 

monochromatic laser usually in the visible near-infrared or near-UV range, is shown on a sample 

and the scattered photons are collected by a detector which can measure the intensity of the 

scattered light as a function of the light’s wavelength [57]. Similarly, to FTIR it is possible to 

determine the molecular structure of the sample by interpreting and comparing the bands 

produced to those of known samples. Typically, Raman spectroscopy is a nondestructive 

characterization method. However, samples sensitive to heat such as hydrochar can be thermally 

modified by the applied laser at high energy intensities [58].    

XRD is a technique used to identify crystalline structures present in samples [59]. X-ray 

radiation typically from a cathode ray tube is emitted onto a sample and as the rays pass through 
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the sample they are scattered. The pattern in which the rays are scattered is known as the 

diffraction pattern which is characterized by distinct peaks which correspond to the angles that 

constructive interference occurred when the X-rays were scattered. Peak position is related to the 

atom spacing of the crystalline structure by Bragg’s [60]. Using Bragg’s law and the measured 

scattering angles and intensities it is possible to determine atomic arrangement within a crystal 

structure, however, most crystalline structures have already been determined so peaks can be 

compared to that of known standards.   

XRF is a common nondestructive technique used to determine the elemental composition 

of a sample. It works by emitting high-energy radiation onto a sample that excites the atoms of 

the sample which emit their inner orbital electrons [61]. When outer electron orbitals fill in the 

inner shell X-ray fluorescence radiation is emitted, which a spectrometer can measure. Each 

element fluoresces differently and by collecting the photon counts of the atoms that fluoresce it 

is possible to determine a quantitative elemental composition. Most XRF devices are not able to 

accurately detect light elements with atomic numbers <16 [62]. 

ICP-ms is another analytical method used to determine the quantitative elemental 

composition of a sample. Unlike XRF, ICP-ms is a destructive technique and the samples must 

be liquid. Small amounts of the liquid sample are aerosolized using Argon (Ar) gas which is then 

atomized and ionized by Ar plasma [63]. The ions are refined by a series of lenses that guide the 

ion beams into a quadrupole mass analyzer after which point, they are separated by their 

mass/charge ratio allowing for the spectrometer to detect and report elemental composition [64]. 

Hydrochar Structure 

Currently, there are several proposed structural models for hydrochar derived from 

homogenous feedstocks such as cellulose and glucose using a variety of methods including 
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FTIR, NMR, NEXFAS, Raman spectroscopy, and XPS. While these proposed models differ, 

they all suggest the presence of an aromatized carbon backbone with oxygenate functional 

groups. The skeletal structure of hydrochar is comparable to that of naturally forming coal with 

an increased number of functional groups, specifically oxygen-containing ones [43]. Schmidt-

Rohr from Brandeis University proposed a glucose hydrochar model based on experimental 

NMR data that featured a mixed backbone of furan and arene ring structures, with several 

carboxylic, lactonic, and phenolic functional groups present [65]. 

 

Figure 2: Proposed Glucose Hydrochar Structure Based on NMR data by Professor 

Schmidt-Rohr et al., Brandeis University, unpublished [65] 

Previous groups such as Chuntanapum [65] have instead proposed arene-rich structures 

based on IR and Raman data. However, it has been shown that lasers used in Raman 

spectroscopy can induce thermal artifacts if used above power densities of 5μW μm−2 [58]. 

Structures derived from Raman at lower power densities are more consistent with furanic NMR 

structures [58]. Similarly, the temperature of the HTC reaction has been shown to alter the arene 
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to furan ratios with arene increasing with temperature above 200°C [67], [68]. Other models such 

as that proposed by Sevilla and Feuertes [69] on cellulose hydrochar presented a structure 

composed of clusters of condensed benzene rings. Cellulose is a more thermally stable molecule 

than glucose and has not been shown to exhibit furan-rich structures like glucose char even when 

produced under the same process conditions [67].  

To date, there are no available proposed detailed structures for sewage sludge hydrochar, 

although it would reason it would share some similarities with hydrochar produced from simpler 

feeds. This is backed up by experimental FTIR data from several groups that indicated the 

presence of similar oxygen functional groups and aromatic rings [70], [71]. The ash content of 

sewage sludge-based hydrochar has been shown to differ greatly from hydrochar produced from 

pure biomass due to the nature of sewage sludge. Elemental analysis has also shown the ash 

weight percent in sewage sludge hydrochar [71] to be greater than that of biomass hydrochar. 

Hydrochar Properties 

 As with yield, the physicochemical properties of hydrochar vary depending on feedstock 

and process parameters, most importantly process severity. In general, hydrochar has a poor 

surface area and pore volume when compared to other similar biomass-derived materials such as 

biochar from pyrolysis and activated carbon [72]. Typically, hydrochar surface area is <50 m2g-

1 [5], [69] [72], [73], [74], [75], although higher values are uncommonly reported in the 

literature. This is much lower than commercial activated carbons which can have surface areas in 

the 1000s m2g-1 and biochar which commonly has surface areas >100s m2g-1 [5], [76]. As HTC 

process severity increases the surface area of hydrochar has been found to increase.  

           Oxygenated functional groups are the main property of hydrochar that are the focus of this 

paper. FTIR analysis of hydrochar has routinely identified carboxyl, hydroxyl, carbonate, alkane, 
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aromatic, alcohol, ester, ether, and ketone groups to be present [76]. Hydrochar has a larger 

amount of oxygen functional groups than activated carbon [78] and naturally forming coal [43]. 

These functional groups have been found to play a key role in the sorption of heavy metals [8]. 

Hydrochar Modification 

 Often hydrochar is further modified after being separated from the liquid slurry. This is to 

enhance the properties of the hydrochar to increase its performance in a desired area of 

application. For instance, for industrial adsorbent applications hydrochar may undergo secondary 

treatment to increase its surface area and porosity [7], [72] to enable a higher adsorption 

capacity. Secondary treatment methods include physical, thermal, and chemical processes. 

Physical methods activate hydrochar by subjecting it to heated CO2 or steam streams. Thermal 

methods similarly heat dry hydrochar but in air or air and N2. Chemical methods modify 

hydrochar with the use of a chemical catalyst [79] in an aqueous solution. Chemical activation is 

achieved by submersing the hydrochar in an aqueous solution typically at normal temperatures, 

but it may also be carried out at elevated temperatures.     

           The most common chemical catalyst used in hydrochar activation is potassium hydroxide 

(KOH) [7], although additives such as zinc chloride (ZnCl2), phosphoric acid (H3PO4) [80], and 

iron chloride (FeCl3) [81] are also used. Chemically activated hydrochar has been shown to have 

a significantly increased surface area as well as increased adsorption capacities for organic 

molecules [82] and heavy metals [8]. KOH treatment has also been shown to generate additional 

oxygenated functional groups [83], [84].  

           The use of a chemical catalyst may require the hydrochar to undergo additional post-

treatment such as washing which increases cost [80]. It also requires the safe disposal of the 

additives themselves to avoid contamination. Both air-activated and CO2-activated hydrochar 
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have been shown to have increased surface area comparable to that of chemically activated 

hydrochar [85]. Physical methods have also been shown to have a more well-developed 

microporous structure than unmodified hydrochar but decreased mesoporosity. They have also 

been shown to have a decreased amount of oxygen surface groups [86]. Thermal activation 

methods in air have been shown to have the opposite effect of increasing the amount of 

oxygenated functional groups while increasing mesoporosity [80].  

Hydrochar Uses 

Hydrochar can be applied to a variety of applications depending on its specific 

physicochemical and morphological properties. Widely investigated areas of application include 

use as a soil amendment or fertilizer, use as a solid biofuel, and as an adsorbent for heavy metals 

and organic compounds [5]. Hydrochar is also being considered for use in electrochemical 

devices such as supercapacitors and batteries due to having lower surface area, polarity, porosity, 

aromatic structure, and general stability [5].   

           Soil amendment is a commonly suggested use for hydrochar, as depending on the 

feedstock the material is commonly rich in important elements that soils may be deficient in such 

as C, P, K, and N [87], [88]. Hydrochar regardless of feed source, untreated or in large amounts 

has been shown to have phytotoxic effects [89]. The phytotoxic effect of hydrochar has been 

attributed to organic compounds such as furans, polyaromatic hydrocarbons, and carboxylic 

acids [90]. Heavy metals are attributed to lower plant growth when they are present in hydrochar 

composition.  Washing [91], aging [89] and aerobic treatment methods [92] have all been shown 

to reduce the phytotoxic effect of hydrochar and have a positive effect on plant growth. Washing 

methods have been shown to remove large amounts of phytotoxic compounds but do create 

another waste stream that must be dealt with. Other methods allow for the degradation of 
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phytotoxic compounds. Hydrochar as a compost additive has been shown to greatly improve 

plant growth more than compost alone [89]. To date, there are no commercially available 

hydrochar products marketed for soil amendment use [93].  Literature suggests more work on the 

topic, specifically the blending of hydrochar with other materials for soil amendment use [89], 

[93], [94], as well as the continuous long-term effects of hydrochar as a soil additive [91].  

           HTC converts low energy-density biomass into higher energy-dense hydrochar [95] that 

can be used as a potential alternative to traditional fossil fuels, specifically coal. The increased 

energy density is attributed to a decrease in cellulose and hemicellulose content during HTC and 

an increase in C/O ratios [5]. Studies using a variety of different organic waste feedstocks have 

shown that hydrochar can improve fuel performance and lower greenhouse gas emissions [96]. 

Hydrochar produced from food waste has also been shown to be a suitable substitute for 

conventional coal [97]. Alternatively, the gasification of hydrochar has been determined to be an 

effective method of producing hydrogen-rich syngas [98].  

Adsorption is the process where one material in solution, the adsorbate transfers from a 

bulk solution to the surface of a second material the adsorbent. One of the more common uses of 

hydrochar is as an adsorbent for organic compounds such as dyes and pharmaceuticals as well as 

heavy metals including copper and lead [99]. Adsorption is a popular method for dealing with 

contaminants in water streams as it is associated with low cost to setup and maintenance [100].  

Hydrochar from a variety of biomass sources has been shown to have heavy metal adsorption 

capacities comparable to commercially available activated carbon [101].  

Hydrochar Adsorption of Copper  

 Electrostatic interactions have been found to be the main driving force behind the 

adsorption of Cu to hydrochar. Cu(II) ions have a positive charge and due to the abundance of 
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oxygen functional groups the surface of hydrochar has a partial negative charge. Work by 

Delahaye and Hobson [8] indicated that carboxylate sites specifically have an important role in 

the Cu(II) sorption. Further Density Functional Theory (DFT) work by Gatsonis [101] expanded 

on this work suggesting hydroxyl groups specifically phenolic groups also play a key role in 

Cu(II) sorption.      

 

Figure 3: Potential Carboxylic (A), Phenolic (B) Copper Glucose Hydrochar Acid Group 

Binding Sites based on Unpublished Proposed Schmidt-Rohr Structure, Stoichiometry Based on 

DFT Calculations by Gatsonis 

Unmodified hydrochar is typically not a good sorbent for heavy metals. Delahaye and 

Hobson [8] were not able to detect any Cu(II) adsorption when using unmodified glucose 

hydrochar. After alkali activation with either base, KOH or NaOH Delahaye and Hobson’s 

hydrochar exhibited increased adsorption capacities, with KOH activated hydrochar having the 

higher of the two with a reported adsorption capacity of 40 mg Cu g−1. Alkali treatment 

deprotonates the hydrochar surface groups allowing for a higher level of coordination with 
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Cu(II) ions a thus a higher adsorption capacity [103]. Delahaye and Hobson’s FTIR data showed 

a reduced intensity of the O-H stretch between 3200-3400 cm-1 indicating partial deprotonation. 

This idea was further backed up by DFT simulations of cation binding that suggested the 

replacement of H+ with Cu(II) was energetically unfavorable with the replacement of K+ and 

Na+ being favorable. 

 

Figure 4: Potential Carboxylic (A), Phenolic (B) Copper KOH Activated Glucose Hydrochar 

Acid Group Binding Sites based on Unpublished Proposed Schmidt-Rohr Structure, 

Stoichiometry Based on DFT Calculations by Gatsonis  

While the work by Delahaye and Hobson is based on glucose hydrochar it would reason that a 

similar mechanism occurs during sewage sludge hydrochar chemical activation if they are 

believed to have similar structures.   

Hydrothermal Carbonization and Hydrochar in Industry 

 More than 200 companies [7] and organizations engage in HTC processes worldwide, 

and a patent search for hydrothermal carbonization reveals more than 1,400 results. Industrial-
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scale HTC plants have been around for more than a decade, with several European groups 

launching plants in 2010. The first recorded HTC plant on the industrial level was designed and 

operated by the Swiss company AVA-CO2 in Germany. Other companies HTCycleAG [104] 

and Ingelia [105] also launched their industrial plants in the same year in Germany and Spain 

respectively. Since then, these companies and other European companies including C-Green, 

Suncoal, Antaco, and Biokol have patented unique HTC processes [46]. Currently, HTC plants 

have been constructed in European countries including The United Kingdom, Italy, and Finland. 

Outside of Europe industrial scale HTC facilities are less common. The first HTC wastewater 

treatment site in North America was designed by SoMax Circular Solutions and began operating 

out of Phoenixville Pennsylvania in 2021 [106]. In 2022 an HTC wastewater processing plant in 

Mexico City began operations. China has been using HTC methods to treat sludge since 2016 

[107]. 

           Early HTC plants were able to process less than 10,000 tons of waste per year but 

locations such as the one in Mexico City can handle over 20,000 tons of waste annually. The 

largest HTC facilities currently planned for construction have the capacity to process upwards of 

80,000 tons of waste annually [7]. The primary use for hydrochar produced at industrial plants is 

as bio-coal for energy production and fertilizer for land amendment applications. The biggest 

issue these facilities currently face is the handling and disposal of process water and other 

byproducts of the HTC process.  

Previous Work on SoMax Hydrochar 

 To date, SoMax has published 16 studies on hydrochar including work by Urbaniak [75] 

to test sewage sludge char as an adsorbent for methyl blue dye. Urbaniak produced their 

hydrochar for their work using the same source of sewage sludge as the hydrochar used in this 
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study. The process parameters for their sludge production were 20% solid content in a 200 mL 

stainless steel chamber at 200°C for 2 hours. This was based on work by SoMax’s Chief 

Sustainability Officer Jeremy Taylor to be representative of the commercial scale [106].   

           Urbaniak tested the adsorption capacity of methyl blue for several different thermally and 

chemically modified versions of their hydrochar and compared it to commercially available 

activated carbon. Their unmodified hydrochar was able to adsorb 175mg/g of methyl blue, half 

commercially available activated carbon. Thermally activated hydrochar at 800°C performed 

much worse than unmodified hydrochar while chemically activated hydrochar at 3:1 KOH ratio 

was able to adsorb near the same amount as activated carbon. The decrease in the thermally 

modified hydrochar performance was theorized to be due to the expansion of pore sizes leading 

to a decreased surface area and change in surface group functionality [75].  

           Using BET surface area theory, the unmodified hydrochar was found to have a surface 

area of 15.77 m2 /g while the highest performing hydrochar was found to have a surface area of 

134.07 m2 /g which while near an order of magnitude larger was still 10 times smaller than the 

surface area of the commercially activated carbon 1367.11 m2 /g. Urbaniak confirmed that the 

adsorption was due to both surface area and the surface functional groups due to the much lower 

surface area of the hydrochar compared to the activated carbon. An inorganic analysis was 

performed on the three previously mentioned samples three samples using ICP-ms. The analysis 

revealed that the activated hydrochar sample had a much greater amount of K than the 

unmodified hydrochar indicating that K from activation stays in the sample and is not completely 

removed after washing [75].  
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Methodology 

Hydrochar Production and Sourcing 

 Two types of hydrochar were used in this study, the main char of interest was produced 

by SoMax circular solutions from sewage sludge in the Phoenixville suburb of Philadelphia 

[106]. This char was produced in large quantities on the commercial scale, and all experiments 

using sewage sludge char were performed using samples from one batch of char. The other type 

of hydrochar used in this study was produced from glucose. The structure of glucose hydrochar 

is thought to be much simpler and more understood than chars produced from more complex 

feedstocks thus it was used as a standard in several instances to compare to the SoMax sewage 

sludge hydrochar.  

           The glucose hydrochar used in this study was made in several much smaller batches all 

using the following method. 28.152 g of D-glucose was added to a beaker containing 50 mL of 

deionized (DI) water while continually stirring. After the D-glucose was added another 50 mL of 

DI water was added and the solution was stirred until the D-glucose was fully dissolved. The 

solution was then poured into a PTFE-lined, stainless-steel autoclave which was then tightened 

and put into a room-temperature oven. The oven was then turned on to 180 °C and held at this 

temperature for 8 hours. After this the autoclave was allowed to remain sealed in the oven for a 

further 12 hours to allow cooling. After the cooling period ended the solution was removed from 

the autoclave and the resulting slurry was separated using vacuum filtration. The solid products 

were washed with a solution composed of 100 mL of ethanol and 100 mL of DI water for 20 

minutes, before being vacuum filtered again. This washing step was repeated twice. The washed 

solid was then placed on a crucible and placed in an oven at 65 °C and allowed to dry for 24 
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hours. After this, the hydrochar was stored in an airtight vile for use. This method was adapted 

from previous work by Delahaye, Hobson, and Moran. [8], [65]. 

KOH Activation 

 Hydrochar is commonly further modified after the initial HTC process to further tune 

desirable properties such as surface area and surface functional groups. There are many ways to 

modify or activate hydrochar both thermally and chemically, but activated hydrochar will 

exclusively refer to hydrochar that has been modified chemically by a KOH solution when 

discussing the work of this paper. The same procedure detailed below was used to chemically 

modify both the SoMax sewage sludge and glucose hydrochar and was adapted from Delahaye, 

Hobson [8]. 

           56.12 g of KOH pellets were mixed in a beaker containing 400 mL of water. Once the 

KOH was added an additional 100 mL of DI water was added and the mixture was stirred until 

all the KOH was dissolved. 2.22 g of hydrochar was then weighed out and added to the mixture 

and stirred for an hour. Care was taken to ensure the hydrochar was fully mixed into the solution 

and did not remain mostly at the top. After one hour the solution was vacuum filtered and the 

solid material was placed into a separate beaker containing 50 mL of water and mixed for an 

additional 30 minutes. This second solution was then pH neutralized by the dropwise addition of 

1 N hydrochloric acid (HCl) until the pH was in the range of 5-7. The solution was mixed for 

another 30 minutes to verify the pH was stable and in the desired range and additional HCl was 

added if needed. The neutralized solution was then vacuumed filtered and washed with 50 mL of 

DI water while on the filter. The wash step was repeated two more times after which the solid 

material was transferred to a crucible and placed in an oven at 100 °C for 24 hours to dry. After 

this, the hydrochar was stored in an airtight vile for use. 
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Ash Content 

 To determine the ash weight percent of the hydrochar, samples of known weight were 

placed in a muffle furnace at 550 °C for 3 hours. After this period, sufficient time to cool 

samples was re-weighed to determine the mass loss attributed to volatile compounds.   

FTIR Spectroscopy  

           FTIR spectroscopy was performed on samples of both unmodified and KOH-activated 

sewage sludge hydrochar to gain a qualitative understanding of the functional groups present. 

Samples were run using a PerkinElmer Spectrum machine and a background scan was run to 

reduce signal contribution from the environment.    

Boehm Titration 

 Boehm titration was performed on unmodified and modified samples of the sewage 

sludge hydrochar as a method to determine the density of different oxygen-containing functional 

groups [108]. 20 mL solutions of 0.1 N HCl, 0.1 M NaHCO3, 0.1 M Na2CO3, and 0.1 M KOH 

were put into separate 50 mL tubes. 0.2 g of the hydrochar was then placed into each tube and 

mixed thoroughly for 48 hours. After the allotted mixing time ended the solutions were vacuum 

filtered. 5 mL of each of the 3 basic solutions were then taken and 5 mL of DI water and 5 mL of 

0.1 N HCl were added. Similarly, 5 mL of the HCl solution from the shaker was separated. The 

solutions were then degassed for 1 hour using nitrogen to remove any carbon dioxide (CO2) that 

had diffused into the solutions. CO2 can form additional base species that can change the results 

of the titration [108].  Each solution was then titrated with 0.1 M of Sodium Hydroxide (NaOH) 

until a pH of 7 was reached. Equation [1] was used for the basic solutions to determine the 

density of the acid sites and equation [2] was used for the HCl solution to determine the density 

of the base sites [65].  
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𝐴𝑐𝑖𝑑 𝑆𝑖𝑡𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

= (
𝑛𝐻𝐶𝑙

𝑛𝐵𝑎𝑠𝑒

[𝐵𝑎𝑠𝑒]𝑉𝐵𝑎𝑠𝑒 − ([𝐻𝐶𝑙]𝑉𝐻𝐶𝑙 − [𝑁𝑎𝑂𝐻]𝑉𝑁𝑎𝑂𝐻)
𝑉𝐵𝑎𝑠𝑒

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
) ÷ 𝑚𝐻𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 

Equation 1: Acid Site Density of Hydrochar determined from Boehm Titration 

𝐵𝑎𝑠𝑒 𝑆𝑖𝑡𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = ([𝐻𝐶𝑙]𝑉𝐻𝐶𝑙 − ([𝑁𝑎𝑂𝐻]𝑉𝑁𝑎𝑂𝐻 )
𝑉𝐻𝐶𝑙

𝑉𝑆𝑎𝑚𝑝𝑙𝑒
) ÷ 𝑚𝐻𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 

Equation 2: Base Site Density of Hydrochar determined from Boehm Titration  

Raman Spectroscopy 

 Raman spectroscopy was performed using a Horiba Xplora device. Care was taken to 

ensure samples were analyzed using power densities less than 5 GW m-2, as it has been shown in 

the literature that Raman spectroscopy preformed at power densities higher than 5 GW m-2 can 

thermally induce a transition in the chemical structure of the hydrochar [58]. To achieve this a 

wavelength of 532 nm was used with a 1200 grating at 1% power for 5 intervals of 20 seconds. 

X-Ray Fluorescence   

 Unmodified and KOH-activated glucose and sewage sludge hydrochar were run using an 

ARTAX XRF spectrometer to determine the elemental composition of the hydrochar samples 

with a specific interest in Si, Fe, and K contents. To correct the error measured by the device, 

standard samples of Iron(III) Oxide (Fe2O3), Silica (SiO2), Carbon black, and a known mixture 

of the three were prepared.  

X-Ray Diffraction 

 XRD analysis was performed on samples of unmodified sewage sludge hydrochar to help 

determine the chemical composition and crystallographic structure. A Rigaku XRD machine was 
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used to perform the analysis. The analysis was performed using the following parameters: 25 

mA, 37.5 kV, a degree step of 0.05, and a 1-second dwell time. 

Copper Adsorption 

Single point Cu(II) adsorption was performed with the intent to produce isotherms for the 

unmodified and modified sewage sludge hydrochar. A buffer solution of pH 5 was made using 

sodium acetate (C2H3NaO2) and acetic acid (CH₃COOH). It has been shown in the literature 

that hydrochar has the highest adsorption capacity at pH 5 [9], [109]. The buffer solution was 

then combined with 0.05 M Copper Nitrate (Cu(NO3)2) to make a 10 mL solution of the desired 

Cu concentration for each trial run. Next 0.2 g of hydrochar was suspended in the 10 mL Cu 

solution and placed on a shaker and mixed for a period of 24 hours to allow for maximum 

adsorption.  

After the mixing period, the solid char was removed from the solution via vacuum 

filtration. Each liquid solution was run through the vacuum filter twice. Small amounts of the 

residual solid hydrochar were kept in case further analysis was deemed necessary. After vacuum 

filtration, the liquid samples were further filtered through a pipette filter to remove any small 

solid char residuals that made it through vacuum filtration. After the second round of filtration, 

the samples were then further diluted with DI water to 50 with a concentration of 10-200 ppb Cu 

so the samples would be in a concentration range the ICP-ms spectrometer could read. The 

samples were also acidified with 0.5 mL of Nitric Acid (HNO₃) before being run for the same 

reason. This method was adapted from Delahaye and Hobson [8]. 

Before testing samples of each batch of Cu solutions, the ICP-ms machine was optimized 

and baselined with stock solutions of 10, 20, 50, 100, and 200 ppb Cu. The machine ran each 

sample in triplicates and returned the average concentration value which was used to determine 
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the equilibrium concentration and then the adsorption capacity of the Cu solutions after the 

mixing period.  The adsorption capacity was calculated using equation 3 [66]. 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (
𝑚𝑔

𝑔
) =

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑢 − 𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑢

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑜𝑟𝑏𝑎𝑛𝑡 
∗ 1000 

Equation 3: Copper Adsorption Capacity of Hydrochar  

Several samples were prepared throughout the testing process without the addition of any 

hydrochar. These samples were used to determine the accuracy of the calculated equilibrium 

concentration. 
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Results & Discussion  

Inorganic Analysis 

 Incineration revealed the ash content of the unmodified hydrochar to be 56.3%, 

decreasing to 41.6% after activation a decrease of 14.7%. Lower ash content post-KOH 

treatment is consistent with findings in the literature, attributed to an enhanced pore structure 

increasing the amount of fixed carbon [110]. It is also possible the washing steps during the 

activation process physically removed some non-volatile compounds. Washing with other 

solvents including HCl and acetone has been shown to be an effective method of decreasing ash 

content [111]. After removal from the muffle furnace, the coloring of the hydrochar changed 

from a dark brown to an orange-red tint. This coloring, present in both KOH and unmodified 

samples could suggest the presence of Iron Oxide (Fe2O3). 

 

Figure 5: Hydrochar Left to Right; Unmodified, Unmodified Ash, KOH Activated, KOH 

Activated Ash 

X-ray diffraction was used to gain an initial qualitative understanding of the ash 

composition in the SOMAX hydrochar. The XRD pattern shown in Figure 4 shows the presence 

of crystalline compounds, iron(II, III) oxide (Fe3O4), and quartz. Bands at 30, 36, 43, 54, 56, 
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and 62 ° indicate the presence of Fe3O4, and the band at 26(°) indicates silica in its crystalline 

form quartz. The broad peak between 5-25 ° is representative of the amorphous hydrochar. 

Interestingly the form of iron oxide detected was Fe3O4, not Fe2O3 despite the orange-red tint 

of the hydrochar ash. It is likely that during incineration Fe3O4 was converted to Fe2O3 and was 

not originally present in the ash, as this would explain the color change. This reaction has been 

shown to occur at temperatures above 500 °C in air [112].  

 

Figure 6: XRD Analysis of Unmodified SoMax Sewage Sludge Hydrochar. Labeled Peaks F 

Fe3O4, Q Crystalline Silica Quartz, C char 

While it is difficult to discern specific features in the region between 10-25, the sharp feature 

centered on 22 ° can be attributed to cellulose, indicating that the HTC process used by SoMax 

did not fully deconstruct the lignocellulosic biomass structure. If the process parameters used by 

Urbaniak are believed to be consistent with those used to produce the hydrochar given by SoMax 



34 
 

this would be consistent with findings from Sevilla and Fuertes that indicated temperatures >220 

°C [69] are required for HTC to deconstruct cellulose. 

Other unidentifiable peaks may be present in the XRD pattern that indicate the presence 

of other minerals in the ash content of the Hydrochar in trace amounts. Noticeably absent is the 

presence of pyrite (FeS2) which was detected by Luo and Huang in XRD samples of sewage 

sludge-derived hydrochar [113]. Due to the varying nature of sludge composition, FeS2 may be 

present in a higher concentration in the sewage sludge used by Luo and Huang. Work by Xiao 

and Ding [114] on the composition of Fe species in sludge hydrochar found iron(III) Oxide 

(FeOOH) to be the most common form of Fe in their hydrochar and Fe in combination with 

elements P or S was not detected. FeOOH, Fe2O3, and other forms of Fe may be present in the 

sample, however, they could be below the detection limit of XRD.     

           XRF was able to detect Fe and Si in the SoMax sewage sludge samples which agrees with 

the results from XRD. Based on the results of the Silica and Fe2O3 standard the relative ratio of 

the two compounds in the SoMax hydrochar was estimated to be 1:1. XRF was unable to detect 

the presence of K in any of the hydrochar samples which indicates it must be present in 

abundance to be detected. Fe and Si were the only elements detected in the SoMax hydrochar 

with other bands attributed to noise. The two glucose hydrochar samples had very low absolute 

band intensities compared to the standards and sewage sludge hydrochar indicating no heavy 

atoms presence in abundance.  

Organic Analysis 

 FTIR spectra of unmodified and KOH-activated SoMax sewage sludge hydrochar are 

shown in Figure 7. The spectra were normalized by intensity to the (CHn) band centered near 

2800 cm-1. This normalization was chosen with the assumption that the KOH treatment would 
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not be sufficient to break or form covalent C-H bonds in the structure, but rather deprotonate 

functional groups [115]. In general, the band positions observed are in good agreement with 

previously reported FTIR spectra of sewage sludge hydrochar [116], [117], [118].    

 

Figure 7: Complete FTIR Spectra of Unmodified and KOH activated SoMax Sewage Sludge 

Hydrochar  

 The two spectra were further subdivided into three segments to allow for better direct 

comparison and identification of functional groups, omitting areas not of interest. These 

segments can be seen in Figures 8, 9, and 10. Table 1 contains a list of the full band assignments. 
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Table 1: FTIR Band Assignment  

Band cm-1 Assignment  Band cm-1 Assignment  

3600-3000 O-H Stretching, hydroxyl, 

Carboxylic Acid [119] 

1160 C-O-C Glycosidic Bonds [120] 

2980-2875 C-H Asymmetric Methyl Group 

[116] 

1310 O-H Phenol [117] 

1627 C=O Amides [120] 1055 C-O Cellulose [118] 

1650-1500 C=C Aromatic Rings [117] 1100-1030 Si-O Quartz [118] 

1460-1430 C=C Furanic Ring [65] 912 Clay/Kaolinite [118] 

1355 CH2 Bending [118] 798 C-H out of Plane Bending [69] 

1327-1123 C-O Stretching, hydroxyl, ester, 

ether [118] 

560-500 M-O Metal Oxygen Stretching 

[120] 

  

The broad band between 3600-3000 cm-1 was widely attributed to O-H stretching from 

hydroxyl and carboxylic acid groups. This region was noticeably more pronounced in the KOH 

spectra indicating that alkali treatment established additional O-H bonds. This is consistent with 

claims in the literature that KOH activation increased the number of oxygen functional groups 

[84], [117] but disagrees with findings by Delahaye and Hobson who saw a decrease in O-H 

stretch intensity attributing the formation of K-O bonds [8]. This suggests that alkali activation 

established more oxygenated surface sites than O-H to O-K substitutions. It is also possible there 

are N-H stretches within this region from the presence of amines as sewage sludge is commonly 

high in N content [21]. This is further supported by the presence of a C=O amide bond at 1627 

cm-1 associated with proteins and lipids [117], [120]. However, no published papers on sewage 
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sludge hydrochar have given an amine assignment. Two distinct bands located at 2924, 2950, 

and 2853 cm-1 were attributed to C-H stretching [116].  

 

Figure 8: FTIR Spectra of Unmodified and KOH activated SoMax Sewage Sludge Hydrochar 

3900-2500 cm-1  

The band between 1650-1500 cm-1 indicates the presence of aromatic structures and the band 

between 1460-1430 suggests the presence of furan rings. There may be furan/arene overlap in 

the 1650-1500 cm-1 region [65]. This band is consistent with bands of glucose hydrochar 

indicating similarities in the two structures [8]. The region between 1327-1123 cm-1 contains 

several bands corresponding to the C-O bonds of hydroxyl, ester, and ether groups [118]. This 
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region is more pronounced in the activated hydrochar. Of specific note is the band centered at 

1310 cm-1 which indicates the presence of phenol groups. Notably absent in either spectrum is a 

strong sharp band near 1700 cm-1 representative of carboxylic acid, suggesting its absence in the 

hydrochar. Carbonyl C=O groups have been inconsistently reported in sewage sludge hydrochar 

FTIR spectra [136] [137]. The characteristic bands Alkali carboxylates have been shown appear 

near 1550 and 1430 cm-1 for symmetric and asymmetric COO- stretching. It is possible these 

bands may be present and overlap with aromatic and furan bands [138] [139]. 

 

Figure 9: FTIR Spectra of Unmodified and KOH activated SoMax Sewage Sludge Hydrochar 

1950-1250 cm-1  
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Bands at 1160 [120] and 1055 cm-1 [118] indicate the presence of cellulose from C-O-C and C-

O bonds respectively, this is consistent with results from XRD that indicated cellulose was not 

fully deconstructed in the HTC reaction. The large band 1100-1030 indicates the presence of Si-

O bonds from quartz in the ash content of the hydrochar. This band is much less intense in the 

activated spectra due to a decreased ash content in the KOH hydrochar. Due to the prominence 

of the Si-O band, it is likely that several other bands in the vicinity that are not seen in the 

unmodified hydrochar; 1202, 1160, 1105 cm-1 are being obscured and the representative groups 

are present in the compound. 

 

Figure 10: FTIR Spectra of Unmodified and KOH activated SoMax Sewage Sludge Hydrochar 

1250-400 cm-1  
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The band at 798 cm-1 is attributed to C-H out-of-plane bending [69]. The band at 912 cm-1 is 

attributed to clay from soil in sewage sludge however other papers have attributed it to kaolinite 

(Al2Si2O5) [118] a common additive in the pulping industry. The 560-500 cm-1 region indicates 

the presence of metal oxides such as iron and aluminum [120]. The presence of a metal oxide 

band is consistent with XRD and XRF which indicated Fe3O4 in the ash composition. 

           Boehm Titration results can be seen in Figure 11. The total acid site density was shown to 

have slightly increased after activation. Phenolic and lactonic sites were shown to have increased 

while carboxylic sites decreased. Notably Boehm titration indicated the presence of carboxylic 

acid which is inconsistent with FTIR results. The acid site distribution in the unmodified 

hydrochar was nearly uniform while the activated hydrochar had a higher density of weaker acid 

sites. The results from Boehm titration support the notion that KOH activation increased the total 

amount of oxygen functional groups on the surface of the hydrochar. Results from Boehm 

titration would suggest that the increase in the O-H band intensity detected by FTIR is due to 

specifically an increase in hydroxyl groups not carboxylic acid. The decrease in carboxylic acid 

is potentially due to the deprotonation of carboxyl groups to carboxylate as Delahaye and 

Hobson suggested [8], which would indicate carboxyl sites are preferred for deprotonation over 

other acid sites.  
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Figure 11: Acid Group Breakdown of Unmodified and KOH Activated SoMax Sewage Sludge 

Hydrochar Derived from Boehm Titration 

The total acid site density of both samples is larger but on a similar scale to the designer 

hydrochar glucose, acrylic acid, glycine, and urea tested by Moran who followed the same 

method [65]. As seen in Figure 12 the total acid site density of sewage sludge hydrochar detected 

from Boehm titration is not consistent throughout the literature. It should be noted that it is 

difficult to directly compare Boehm titration results directly as there is a lack of standardization 

in technique [121]. However, the distribution of the acid sites detected is also inconstant 

throughout the models found in the literature.    
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Table 2: Summary of Boehm Titration Results mmol/g 

Hydrochar Carboxylic Lactonic Phenolic Total Base 

SoMax Unmodified 2.14 +0.07 2.54 +0.12 2.70 +0.03 7.38 +0.32 0.39 +0.12 

SoMax KOH 1.73 +0.02 2.15 +0.12 2.13 +0.48 6.01 +0.62 0.17 +0.02 

Glucose [66] 0.9 +0.1 1.3 +0.3 3.0 +0.5 5.2 +0.4 -0.4 +0.3 

SS Literature Model 1 

[122] 

4.29 0.29 051 5.09 N/A 

SS Literature Model 2 

[123] 

1.26 0.222 0.288 1.77 1.52 

SS Literature Model 3 

[124] 

0.17 0.03 0.21 0.41 N/A 
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Figure 12: Acid Group Breakdown of Unmodified Sewage Sludge Hydrochars from SoMax and 

Literature Derived from Boehm Titration [122], [123], [124] 

The titration results from the literature were derived from hydrochar produced using different 

process parameters, this was due to a lack of available published work on the topic. Boehm 

titration of hydrochar produced from the same feed but using different process parameters by He 

and Giannis [122] showed that acid site density and distribution were affected by process 

severity, but not to a degree that would explain the results shown in Figure 12. This suggests that 

the surface functionality of sewage sludge hydrochar highly varies depending on the sewage 

feedstock. The high ash content of the sewage hydrochar may also explain the high variation in 

detected acid site density as high ash content has been found to interfere with Boehm titration 

results [125]. The ash content from the literature sewage sludge hydrochar varied between 34-

52% [122], [123], [124]. Pretreatment to lower the ash content of sewage sludge hydrochar 

should yield more reliable results [126].   

The detected base site density in both samples was considerably lower than that of the 

acid site density. This is to be expected as HTC occurs in acidic conditions [43]. A higher base 

site density was detected in the KOH-activated hydrochar, which is easily explained by the 

activation process exposing the hydrochar to a strong base.   
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Figure 13: Base Site Density of Unmodified and KOH Activated SoMax Sewage Sludge 

Hydrochar Derived from Boehm Titration 

 Figure 14 shows the Raman spectra obtained from the unmodified SoMax Hydrochar 

baselined corrected and manually peak fit with 12-peak analysis protocol described by Brown 

[125] used the 12-peak fit to characterize glucose hydrochar, which we will use as a comparison 

as a pure feedstock source or hydrochar. The Raman spectra consist of many overlapping C-C 

bands due to the complex amorphous nature of hydrochar. Brown developed a 12-band model 

using glucose hydrochar that consists of G, D, Kekule (arene) /Furan, and several other less 

prominent bands [125]. The G and D bands are attributed to the asymmetric and symmetric arene 

ring C-C stretching vibrations respectively. Using this model Brown was able to reproduce the 

main features of the glucose hydrochar Raman spectrum. Using this same 12-peak model we 

manually fit the Raman spectra of the unmodified SoMax hydrochar using method 3 detailed by 

Brown which allowed for variation in the height of all 12 bands and the width of the 3 most 
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prominent bands, G 51.31%, D 34.46%, and Kekule/Furan 11.16%.

 

Figure 14: Experimental Raman Spectra Sum Against Known Vibrational Bands of 

Glucose Hydrochar 

Brown’s model when applied to the SoMax hydrochar gives an R2 of 0.95. Notably the 

most intense band G is shifted right in the model compared to experimental data. It is possible 

averaging several Raman spectra of the SoMax hydrochar would decrease this error. The model 

suggests that G, D, and Kekule/Furan bands are the most prominent features in the SoMax 

hydrochar with all other bands each accounting for <1% of the total area of the fit sum indicating 

a low concentration of these features in the structure. Table 3 provides a complete breakdown of 
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the relative intensities of peaks of the 12-peak fit model for the SoMax hydrochar compared to 

Glucose hydrochar. 

Table 3: Hydrochar Composition Features of SoMax and Glucose Hydrochar from 

Raman Spectra [124] 

Band Name Location cm-1 Percent Area SoMax Percent Area Glucose 

Carbonyl Band 1695 0.80 5.09 

Gr Band 1612 0.087 1.43 

G Band 1579 51.31 26.21 

Gl Band 1506 0.99 9.2 

Aliphatic mode 1463 0.12 0.00 

Kekule/Furan 1441 11.16 9.56 

Methyl Band 1390 0.085 9.50 

D Band 1332 34.46 14.58 

Ether 1096 0.54 4.17 

Breathing model 2 1262 0.13 11.18 

C-H wagging on rings 1179 0.23 11.18 

Breathing model 1011 0.05 2.51 

 

The D and G bands in the SoMax hydrochar are twice the area as the glucose hydrochar, 

suggesting that the SoMax hydrochar contains a relatively higher amount of arene rings. The 

Kekule/Furan band had similar intensities while all other bands were much less prominent in the 

SoMax hydrochar, such as the low intensity of the methyl band suggesting a lack of methyl 

groups. In addition, the relatively low areas of peaks from functional groups such as ether, and 
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carbonyl suggests less functionality of the SoMax hydrochar relative to the glucose hydrochar. 

This is inconsistent with results from Boehm titration and FTIR that indicated the SoMax sewage 

sludge hydrochar had a higher relative amount of surface functional groups. Raman spectroscopy 

does not indicate O-H bonds which are more important when discussing these functional groups 

and these inconsistencies can likely be attributed to a poor fit of Brown’s model to the SoMax 

hydrochar. Averaging several SoMax hydrochar Raman spectra may help correct these 

inconsistencies.  

Copper Adsorption 

Adsorption isotherms for both the activated and unmodified SoMax hydrochar can be 

seen in Figure 15. The unmodified hydrochar was found to have a max adsorption capacity of 

22.6 mg Cu(II)/g-1. This is significantly higher adsorption capacity compared to the unmodified 

glucose hydrochar tested by Delahaye and Hobson which detected no Cu(II) adsorption [8]. It is 

still lower than the KOH-activated glucose hydrochar by Delahaye and Hobson which through 

single-point adsorption was found to be 40 mg Cu(II)/g-1. The KOH-activated SoMax hydrochar 

was determined to have a maximum adsorption capacity of 49.0 mg Cu(II)/g-1, an increase of 

116%. This is comparable adsorption to sewage sludge hydrochar by Spataru, Rohan Jain which 

was measured to have an adsorption capacity of 18.6 and 38.5 mg Cu(II)/g-1 pre and post-KOH 

activation an increase of 107% [85].  

 The calculated adsorption capacity error was determined by measuring the equilibrium 

concentration of samples without hydrochar and was determined to be consistently around 20%. 

The largest source of error identified was imprecise measuring during dilutions. Micropipettes 

were used whenever possible but larger volumes e.g., 50 mL were poured by hand. 
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Implementing larger precision measuring tools could help to decrease the error in future 

experiments.     

 

Figure 15: Unmodified and KOH Activated Hydrochar Cu(II) adsorption Isotherm Derived from 

ICP-ms data 

The increased adsorption capacity detected by ICP-ms can be attributed to additional 

oxygenated surface groups, specifically hydroxyl groups detected by FTIR and Boehm Titration. 

Due to the lack of BET surface analysis and the inability of the XRF spectrometer to detect the 

presence of K, it is impossible to correlate the adsorption results to those properties of the 

hydrochar. Silica and iron oxide have independently been shown to have Cu(II) adsorption 

capabilities and due to the high relative amount of ash in the sample it is likely both materials 

contribute to total adsorption capacity of the hydrochar samples and shapes of the isotherms. 

Results from literature have shown iron oxides to have a Cu(II) adsorption capacity in the range 
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of 12.7 mg Cu(II)/g-1 [133] and Silica to be in the range of 2.17 mg Cu(II)/g-1 [134] [135]. 

Since the KOH modified hydrochar has a lower ash content and higher adsorption capacity than 

the unmodified hydrochar it would suggest that the involatile compounds in the sample 

contribute less to Cu(II) adsorption than the volatile ones.  

Previous studies in literature have commonly fitted hydrochar Cu(II) adsorption data to 

Freundlich and Langmuir models, with Langmuir being the generally accepted best model to 

describe the adsorption process [85], [127], [128].  Langmuir adsorption assumes that adsorption 

occurs in a homogenous monolayer and there are no interactions between adjacent adsorbed 

molecules [130]. 

𝑄𝑒 = 𝑄𝑚 ∗ (𝐾𝑙 ∗ 𝐶𝑒)/(1 + 𝐾𝑙 ∗ 𝐶𝑒) 

Equation 4: Langmuir Adsorption Model 

Equation 4 was used to construct the Langmuir models. Kl and Qm were constants derived from 

plotting experimental values of Ce/Qe vs Ce, where Kl is equal to the slope/intercept and Qm is 

equal to 1/intercept. Freundlich adsorption assumes heterogeneous multilayer adsorption and was 

modeled using Equation 5 [130]. Kf and n are constants taken from plotting the natural log of 

experimental values of Ce vs the natural log of experimental values of Qe, where n is 1/slope and 

Kf equals exp(intercept). 

𝑄𝑒 = 𝐾𝑓 ∗ 𝐶𝑒1/𝑛 

Equation 5: Freundlich Adsorption Model 
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Figure 16: Langmuir and Freundlich Cu(II) Adsorption Models SoMax Hydrochar (A) 

Unmodified (B) KOH Activated 

Between Langmuir and Freundlich, the Langmuir model fits the unmodified hydrochar 

better and Freundlich fits the activated hydrochar better, although neither model for either curve 

was able to fully represent the shape of the data. A full summary of the goodness of fit of all the 

fitting models used can be seen in Table 4. Akaike information criterion (AICc) values were 

calculated using equation 6 and were used to compare the relative goodness of fit of the models. 

AICc was used instead of AIC due to a low number of data points. Likely the cause of the 

different shapes of the isotherms is the increase in oxygenated surface sites shown by FTIR and 

Boehm titration. KOH activation created new Cu(II) binding sites that the Freundlich model is 

better able to represent. It is not possible to make claims on what effect a change in the surface 

area had on the isotherms as the BET surface area of either hydrochar was not determined. 

However, while an increase in surface area would theoretically increase the adsorption capacity 

it should have little effect on the shape of the isotherm aside from a positive shift in the Y-axis, 

as it would open more binding sites.  

The decreased ash content likely had minor contributions to the changes in hydrochar 

isotherm shapes compared to the increase in functional groups, as the ash content in the KOH 
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hydrochar was still relatively high 41.6%. Notably however silica has been shown to exhibit 

Langmuir adsorption [134] while iron oxide adsorption has been shown to more closely follow a 

Freundlich adsorption model [133]. An elemental analysis could reveal how specifically the ash 

component changed post KOH treatment and the iron oxide to silica ratio. FTIR indicated a 

lower silica content while the band attributed to metal oxides was consistent between spectra. 

This suggests that the loss of silica was primarily responsible for the decrease in ash content. 

Since silica has a lower Cu(II) adsorption capacity than Iron Oxide on a per mass basis, it could 

also contribute to the higher detected adoption capacity of the KOH activated Hydrochar, as well 

as the better fit to the Freundlich model.   

Table 4: Summary of Goodness of Fit of Different Fitting Models 

Model Unmodified R2 Unmodified 

AICc 

KOH R2 KOH AICc 

Langmuir 0.96 171 0.53 108 

Freundlich 0.88 223 0.96 73 

SIPS 0.94 206 0.89 109 

Dual Site 0.93 198 0.98 68 

Dual Site Interacting 0.92 234 0.88 155 

 

𝐴𝐼𝐶𝑐 = 𝑛𝑙𝑛 (
𝑆𝑆𝐸

𝑛
) + 2𝑘 +

2𝑘(𝑘 + 1)

𝑛 − 𝑘 − 1
+ 𝑛𝑙𝑛(2𝜋) + 𝑛 

Equation 6: Akaike Information Criterion Values; k Number of Parameter, n Sample Size [131] 

To better capture the shape of the isotherms the experimental data was fit against the 

SIPS model which is a combination of the Langmuir and Freundlich models, that is suitable for 
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describing heterogeneous adsorption [132]. The SIPS model had similar issues as the Langmuir 

model having a very similar shape, generally underpredicting adsorption capacities and an 

inability to model raises or dips in the curve. 

𝑄𝑒 = 𝑄𝑚 ∗ (𝐾𝑙 ∗ 𝐶𝑒)𝑛/((1 + (𝐾𝑙 ∗ 𝐶𝑒)𝑛) 

Equation 7: SIPS Adsorption Model [132] 

 

Figure 17: SIPS Cu(II) Adsorption Model SoMax Hydrochar (A) Unmodified (B) KOH 

Activated 

It was observed that the Langmuir-based models fit both isotherms well at low concentrations 

but began to drift from experimental data at equilibrium concentrations above 0.53 and 0.29 mg 

Cu(II)/g-1 for unmodified and KOH activated respectively. Especially noticeable in the KOH-

activated isotherm are the two areas of sharp increase followed by a section of leveling off. 

Individually these are the shapes typical of Langmuir’ and to better capture the multisite 

adsorption a dual site Langmuir and dual site interacting Langmuir model were fit against the 

experimental data. The dual-site Langmuir model split the isotherm into 2 sections and modeled 

each as a separate Langmuir isotherm, while the interacting dual-site model was constructed 
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according to Equation 8. Constants Qm2, Kl1, and Kl2 are derived the same as Qm and Kl in the 

single site Langmuir Model but from the split isotherm sections.   

𝑄𝑒 = 𝑄𝑚2 ∗ (
𝐾𝑙1 ∗ 𝐶𝑒

1 + 𝐾𝑙1 ∗ 𝐶𝑒
) ∗ (

𝐾𝑙2 ∗ 𝐶𝑒

1 + 𝐾𝑙2 ∗ 𝐶𝑒
) 

Equation 8: Dual Site Interacting Langmuir Model 

  

Figure 18: Dual Site and Dual Site Interacting Cu(II) Adsorption Models SoMax Hydrochar (A) 

Unmodified (B) KOH Activated 

The dual site interacting model was found to have the worst fit out of any of the models 

for both hydrochar, underpredicting adsorption in the unmodified hydrochar and grossly 

overestimating the KOH-activated hydrochar. The noninteracting dual-site model was found to 

have the best fit for the activated hydrochar, and the second best fit for the unmodified hydrochar 

performing under the Langmuir model. This suggests that the activated hydrochar has two 

prominent binding sites while the unmodified hydrochar only has one prominent site. The 

secondary site is likely present in the unmodified hydrochar explaining inconsistencies in the 

Langmuir model just in a lower amount. Boehm titration data would suggest that the secondary 

site is hydroxyl groups, and the primary site is carboxyl groups, which is consistent with DFT 
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modeling by Gatsonis [101]. This also implies that the binding sites are not competitive and that 

one binding site is preferred over the other, with Cu(II) ions only binding to the second site when 

all the first are unavailable. The isotherms suggest that the carboxyl groups are the primary and 

preferred adsorption site as the first section of activated hydrochar Ce <0.6 mg/g shares a similar 

shape and adsorption capacity to that of the modified hydrochar relative to the second section 

>0.6 mg/g. The increased adsorption at a lower equilibrium concentration of the activated 

Hydrochar could potentially be explained by KOH deprotonation of the carboxyl groups as 

detailed in section 2.8.      

Iron oxide/silica could also be responsible for one of the adsorption sites or simply be the 

cause for inconsistencies in between experimental data and the models. Lack of the distinct C=O 

carbonyl band in the FTIR spectra would suggest the former. It is also possible that carboxylate 

groups, possibly detected by FTIR are responsible for one of the adsorption sites. Comparison of 

further adsorption tests on both the calcined hydrochar and washed hydrochar that have a lower 

ash content would allow for better determination in what role both play in the overall material 

Cu(II) adsorption.   

           All of these models are only based on adsorption data of copper solutions at equilibrium 

data less than 2 mg Cu(II)/g solution and are of questionable use at higher concentrations. If the 

dual site model is believed to be accurate the adsorption capacity of the unmodified SoMax 

hydrochar should not exceed 26.0 mg Cu(II)/g while the KOH-activated hydrochar has a max 

adsorption of 78.0 mg Cu(II)/g at high equilibrium concentrations >mg Cu(II)/g solution. These 

claims are based on the assumption that the isotherms continue with the same adsorption pattern 

and that Cu(II) does not bind to the Hydrochar another surface site once the previous two are 

full.   
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Conclusions & Recommendations 

 The SoMax sewage sludge hydrochar was found to be an effective adsorbent of Cu(II) 

without secondary treatment, with KOH further increasing the adsorption capacity. The 

adsorption ability of the hydrochar was attributed to oxygenated functional groups specifically 

carboxylic groups which was expected. The increase in the activated hydrochar adsorption 

capacity was attributed to an increase in oxygenated functional groups in particular hydroxyl 

groups detected by FTIR and Boehm titration, as well as a decrease in the ash content 

specifically silica. The unmodified hydrochar most closely fits a Langmuir adsorption model and 

the KOH activated hydrochar fitting a dual site Langmuir model. Inconsistencies in Boehm 

titration and FTIR lead to difficulties in attributing the adsorption sites.   

 For future work, it is recommended an elemental and BET surface analysis of the 

hydrochar be performed to determine if KOH activated led to a detectable higher amount of 

potassium in the hydrochar and if surface area increased. Since FTIR data had no clear alkali 

carboxylate bands, an elemental analysis would help to determine if the acid site deprotonation 

theory proposed by Delahaye and Hobson. It is also recommended that the Boehm titration 

experiments be repeated with hydrochar that has been treated to lower the ash content. Many of 

the conclusions were derived from the Boehm titration results and high ash content has been 

found to interfere with Boehm titration results. Other experimental results are less impacted by a 

high ash content as they characterized the entire material, and it is unlikely hydrochar will 

undergo additional treatment on the commercial scale for economic reasons. Characterization of 

the SoMax hydrochar revealed it to have many similarities to glucose hydrochar suggesting a 

related structure.  
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 Further adsorption tests may need to be performed on hydrochar with a lower ash content 

and the ash content itself to better understand to what degree iron oxide and silica participated in 

Cu(II) adsorption, and if the ash content was substantially lowered or removed entirely if it 

would drastically alter the adsorption isotherm and adsorption capacity. Additional future work 

may also include testing the adsorption capacity of the hydrochar for additional heavy metals 

such as lead or testing the adsorption of several compounds at once such as the Cu(II) ions and 

methyl blue as wastewater is not homogenous and often contains multiple contaminants. It will 

be important to see if different compounds bind to the same or different sites especially as KOH 

has been shown to increase the adsorption capacity of both methyl blue and Cu(II). Finally, the 

adsorption capacity can be compared to commercially available filter materials such as activated 

carbon to determine the economic viability of implementation.  
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Appendix 

 

Figure 19: XRF Spectra Unmodified SoMax Sewage Sludge 

 

Figure 20: XRF Spectra KOH Activated SoMax Sewage Sludge 
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Figure 21: XRF Spectra Silica Standard 

 

Figure 21: XRF Spectra Iron Oxide (Fe2O3) Standard 
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