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Abstract 

Biochar is emerging as a cost effective carbonaceous adsorbent for removing pollutants 

such as synthetic organic contaminants (SOCs) from wastewater, stormwater, and drinking water 

sources. However, relative to commercial activated carbon (AC), biochar fouls rapidly when 

applied in a flow-through column in the presence of background dissolved organic matter 

(DOM). Thermal regeneration is a promising process for regaining adsorption capacity in fouled 

biochar. In this study, 850 °C pine biochar was fouled in a column with environmentally relevant 

concentrations of sulfamethoxazole (SMX) and DOM, then heated in a second semi-oxic thermal 

regeneration step at 600 °C. The treatment resulted in a dramatic improvement in SMX column 

adsorption capacity in the presence of DOM. DOM adsorption capacity was also improved. The 

treatment was applied to fresh char that had not been fouled, and the improvement in adsorption 

capacity was still observed. This increase in adsorption capacity was strongly correlated with an 

observed increase in BET surface area and decrease in average pore diameter, and was still 

significant even after accounting for the decrease in mass of char during the heating step. The 

improvement in adsorption capacity and increase in surface area was repeatable for multiple 

cycles of fouling and regeneration, although the further increase in adsorption capacity in the 

second regeneration cycle was counteracted by the loss of mass of char. While the adsorption 

capacity of biochar for SMX in the presence of DOM was greatly improved by the second 

heating step, it still did not approach the capacity of the activated carbon. A positive effect of 
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empty bed contact time (EBCT) on SMX adsorption capacity was observed for biochar after the 

regeneration/enhancement heating step, and for activated carbon, but not for fresh biochar. A 

change in particle size distribution was not observed due to the reheating process. 
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1. INTRODUCTION 

Chemical pollution of water from anthropogenic sources has been widely recognized as a 

human health risk in the world’s wealthy nations for decades (1). Insecticides, herbicides, 

chlorinated solvents, and brominated compounds are included in this broad range of harmful 

chemical pollutants. More recently, pharmaceuticals and personal care products (PPCPs) have 

emerged as potential areas of concern, including endocrine disrupting compounds, both for their 

potential ecosystem impacts and influences on human health (2–5). Disinfection byproducts 

(DBPs), which are created when chlorine reacts with dissolved organic matter, have also 

emerged as widely-occurring contaminants with potential carcinogenic and reproductive health 

effects (6–8). This wide swath of chemical pollutants, including insecticides, herbicides, PPCPs, 

and DBPs, can be broadly categorized as synthetic organic contaminants (SOCs). Many of the 

compounds of concern are recalcitrant to biodegradation, and are not significantly affected by 

traditional water treatment or conventional activated sludge treatment of wastewater (9,10). 

Further, synthetic organic contaminants can often be introduced into the environment through 

stormwater runoff or combined sewer overflows (11,12), and so bypass treatment altogether.  

In the global context, microbial contamination of waters has been the primary focus of 

the water, sanitation, and hygiene (WASH) sector in low- and middle-income countries, largely 

leaving chemical contamination out of the conversation. However, chemical pollution is gaining 

traction as an important health threat facing developing communities (13,14). Products such as 

pesticides that are more tightly regulated in high income countries can often be stockpiled or 

used extensively in low- and middle-income countries due to lax environmental regulation and 

poor education about the risks of exposure (14). Additionally, the bulk of pharmaceutical 

manufacturing and e-waste disposal occurs in these countries, contributing to extensive chemical 
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pollution of water sources in countries like India and China, which poses an enormous risk to 

public health (13,14). 

When possible and economical, treatment by adsorption to activated carbon (AC) has 

emerged as a primary control strategy of SOCs (15–18). AC is a good adsorbent due to its 

surface properties, and extensive internal surface area (15). However, AC can be an 

inappropriate solution for reasons of production cost and transport (11), depending on the context 

of the application.  

Biochar has been proposed as an appropriate alternative to AC in some situations, such as 

wastewater and drinking water treatment in low income or remote communities and stormwater 

outfalls as a barrier to environmental degradation (11,13). Biochar is a carbonaceous material 

that is produced by pyrolysis of organic feedstock, and can have similar adsorption properties to 

granular AC (GAC) if production conditions are optimized for adsorption (19,20). Pyrolysis 

occurs at high temperatures in a limited-oxygen environment. The peak temperature of pyrolysis 

has been shown to be a key parameter in the adsorption capacity of biochar, with biochar 

produced at a peak temperature of 850 °C performing similarly to powdered AC (PAC) in batch 

equilibrium tests in one study (11). Internal surface area of biochar has previously been reported 

to be as high as 500 m2/g for biochars without feedstock pretreatment (11,20), and this large 

amount of surface area facilitates high adsorption capacities. Low-cost gasifier drum ovens, 

termed top-lit updraft (TLUD) gasifiers, have been shown to produce high-quality biochar in a 

mode accessible to developing communities, allowing for distributed production using a range of 

locally available feedstocks (19,21). Biochar can be produced using locally available feedstocks 

and technologies, which means that it could be widely applied in low and middle income 

countries to minimize the human health risk of exposure to SOCs. Its cheaper production cost 
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may mean that biochar could also be an appropriate technology to minimize release of SOCs into 

the environment even in high income countries in situations where AC is not economical (11). 

Although biochar can perform well in batch equilibrium sorption in laboratory clean 

water, it fouls much more rapidly than AC in the presence of background dissolved organic 

matter (DOM) (11). DOM is comprised of dissolved natural organic matter (NOM) produced by 

the degradation of vegetable and animal matter in the environment, and anthropogenic organic 

matter discharged to the water (1). Dissolved organic carbon (DOC) concentration and 

ultraviolet absorbance (UVA) are used as primary characterizing parameters for DOM 

concentrations in water (15). DOM concentrations have been found to significantly affect the 

efficacy of GAC as a treatment for SOCs (22,23). DOM can compete with SOCs for adsorption 

sites, as well as block macropores, which decreases the available surface area for sorption (24).  

Column operation is important to characterize when DOM is present in the water matrix, 

because it can break through prior to the contaminant of interest. This has a pre-fouling effect on 

much of the lower carbon in a column, leading to pore blockage and lower-than-expected 

capacity for the contaminant of interest (24).  

Rapid small-scale column tests (RSSCTs) are physically-scaled models that are used to 

characterize the performance of carbonaceous adsorbents in column mode, and their results have 

been applied to predict full-scale breakthrough of target compounds, such as DOC and various 

organic compounds (25). However, they do not assess biological degradation processes that can 

be present at the full scale (15,25). By holding constant some of the non-dimensional numbers 

that describe the mass transfer and flow regime in a full-scale column, the column size and 

operation time can be scaled down to allow much more rapid determination of breakthrough 

curves. There are two general approaches to design of RSSCTs: constant diffusivity (CD) and 
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proportional diffusivity (PD). For CD, it is assumed that the intraparticle diffusivity of the target 

compound is constant and independent of particle size. This design assumption can lead to high 

head loss and operational difficulties due to a high flow rate. It has been found that for some 

compounds and flow regimes, assuming that intraparticle diffusivity scales proportionally with 

particle diameter leads to more satisfactory results and easier RSSCT operation (26,15,25).  

 Using the PD design assumptions, it can be shown that the empty bed contact time (EBCT) 

and operation time (t) are scaled by the ratio of particle diameter (d), as shown in the equation 

below, where SC is the small column and LC is the large column (26): 

!"#$%&
!"#$'&

=
)%&
)'&

=
*%&
*'&

 

GAC is often regenerated or reactivated by various methods once its adsorption capacity has 

been exhausted (27). Regeneration is defined by regaining adsorption capacity without changing 

the original structure of the adsorbent, while reactivation usually involves additional oxidation to 

access new surface area, using some activation agent such as steam or air (15,27). One of the 

simplest methods of regeneration of carbonaceous adsorbents is thermal regeneration, wherein 

the adsorbent is heated in order to decompose and remove the various constituents that are 

occupying adsorption sites on the surface (27). When thermal regeneration is performed on 

activated carbon, it is generally not possible to recover all of the original absorption capacity, 

and some loss of capacity compared to the fresh carbon is expected (28), which is why 

reactivation is most commonly used in water treatment for GAC (15). Compounds that desorb 

from the surface of the carbon usually degrade to some extent in the process of desorption 

(15,29), and may even combust completely in the effluent gas stream that is created, decreasing 

the danger of re-releasing sorbed compounds back into the aqueous environment when it is time 

to dispose of the spent adsorbent. That said, gaseous byproducts of thermal regeneration and 
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reactivation can have deleterious effects on the atmosphere and human health, and so care should 

be taken to treat gas streams prior to releasing them into the environment (24). Mass yield of 

regeneration processes is also of concern. For activated carbons, minimal mass loss has been 

observed when the regeneration is conducted in an inert atmosphere at a lower temperature than 

was used to initially generate the adsorbent, although higher temperatures were necessary to 

achieve regeneration, which resulted in mass loss (30). 

Regeneration and reactivation of AC are accepted strategies to improve economic 

viability of the technology and minimize risk associated with disposing used AC that could lead 

desorption of contaminants back into the environment (15). Biochar adsorbents face the same 

challenges, but regeneration of biochar has not been widely studied. Thermal regeneration is a 

promising prospect for regeneration of adsorption capacity of biochars. The goal of the present 

study is to evaluate the effectiveness of thermal regeneration of biochar for adsorption of SOCs 

at environmentally relevant concentrations in the presence of DOM. The main characteristics of 

concern in assessing the effectiveness of a regeneration process are the mass yield and specific 

adsorption capacity. If a process recovers adsorption capacity, but results in a greatly decreased 

mass of adsorbent, then it is less likely to be economically beneficial. Thus, this study aimed to 

assess both of these factors in the thermal regeneration of biochar.  The temperature and duration 

of thermal regeneration were chosen in order to approximate a process that may be possible to 

conduct using waste heat from pyrolysis of fresh feedstock using something akin to the JRO-

TLUD oven (31), which would allow the application this process in a distributed fashion in low- 

and middle-income countries. Such an application of thermal regeneration could improve 

economic viability of biochar and minimize problems associated with disposal of used biochar. 
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Sulfamethoxazole (SMX) is used in this study as a test compound to characterize 

adsorption capacity of carbonaceous adsorbents (biochar and AC) for SOCs. SMX is a widely 

used human and veterinary antibiotic, which has been detected in wastewater effluent, surface 

waters, and groundwater throughout the world (4,32,33). It has a molecular weight of 253.3 

g/mol (34), is anionic at neutral pH with a pKa,2 of 5.7 (35), is relatively resistant to 

photodegradation (35), is recalcitrant to biodegradation (36), and is relatively poorly adsorbed by 

carbonaceous adsorbents (37). These properties make SMX persistent in the environment, and a 

good indicator compound for the performance of biochar sorbents. If an adsorbent can remove 

SMX, then it can likely remove many other SOCs (18,10). Additionally, SMX is a good 

indicator adsorbate for evaluating the efficacy of regeneration processes. One study by Suzuki et 

al. found that the boiling point and ratio of aromatic carbon to total carbon in an organic 

compound was related to the ease of desorption by thermal regeneration processes (29). They 

developed three groups of organic compounds characterized by differing difficulties of removal 

from activated carbon by thermal regeneration. By these criteria, SMX is part of group III, which 

is “not easily removed by heating only”. Thus, if a thermal regeneration process works for 

adsorbents exhausted for SMX adsorption, it is likely to work for many other compounds.  
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2. METHODS 

Process overview 

An overview of the processing of various adsorbents is depicted in Figure 2.1.  

 

Figure 2.1: Process flow diagram. Black circles indicate adsorbent (biochar or activated 
carbon) that is used as media in an RSSCT. 

 

Char Preparation 

Biochar was produced from pelletized pine forestry waste (Black Hills GOLD, Spearfish 

Pellet Company LLC, Spearfish, SD). Pellets were packet into cylindrical ceramic crucibles (4 

inches in diameter, 2.5 inches deep) and closed with as little headspace as possible. The pine 

pellet feedstock was then pyrolyzed in a laboratory muffle furnace, with a peak temperature of 

850°C, maintained for 2 hours. The heating rate was 10 °C/min. Char was ground with a mortar 

and pestle, and wet sieved using reverse osmosis-produced water (RO). The size fraction of 

particles retained was that which passed a standard 100 mesh sieve (150 µm opening) and was 
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retained on a standard 200 mesh sieve (75 µm opening). Char was then decanted in order to 

remove residual fines. This 100 x 200 biochar was dried at ~80°C overnight in order to assess the 

efficiency of grinding and sieving. Char that had been processed to this point is referred to as 

“fresh” biochar in figures and further discussion. Mass yields for each grinding and sieving 

session are included in Table 2.1. 

Table 2.1: Mass yields for char and GAC grinding and wet sieving handling. 

Process Mass 
Yield 

Used in RSSCT 

Char Grind/Sieve 48.1% Fouled, Regenerated, 2XR 
Char Grind/Sieve 38.6% Fresh, Enhanced 
GAC Grind/Sieve 33.2% AC 

 

Approximately 62 g of “fresh” biochar was loaded in a glass column with cross-sectional 

area of 1 cm2, and used to treat a stream of the chosen water matrix at various flow rates until the 

effluent SMX concentration was 88% of the influent concentration. The char was moved to a 

different column with a cross sectional area of 6 cm2 part way through fouling in order to 

increase the hydraulic loading rate without causing excessive head loss. When full breakthrough 

was observed, the char was removed from the column and dried at ~80°C overnight. Char that 

had been processed to this point is referred to as “fouled” biochar in figures and further 

discussion, and an aliquot was characterized in an RSSCT column test in order to verify the 

extent of fouling.  

“Fouled” biochar was mixed and split into 7 aliquots by a scaled down version of the 

coning and splitting sampling method described by Bucheli et al. (38). Each aliquot was 7.5±0.3 

g of char (dry mass). One aliquot was split into two Fisherbrand FB-965-D ceramic crucibles, 

with 15 mL capacity each, and covered. The crucibles contained about 30% headspace by 

volume. One aliquot of fouled char was then thermally regenerated in a laboratory muffle 



 
 

9 

furnace, with a peak temperature of 600°C maintained for 2 hours. Other aliquots were also 

thermally regenerated with a peak temperature of 700°C and 850°C for two hours, but further 

analysis was not conducted with these aliquots. A small layer of ash was observed on each 

sample after thermal regeneration, indicating a small amount of full combustion, which likely 

contributed to the majority of mass loss observed. The total amount of ash was negligible by 

mass percentage, and was removed from the samples with a light puff of air. Any residual ash 

was not considered problematic because it has been demonstrated that ash has negligible SMX 

adsorption capacity (11). Char that had been processed to this point is referred to as 

“regenerated” biochar in figures and further discussion. 

 Mass yields from pyrolysis and thermal regeneration processes are listed in Table 2.2. 

Table 2.2: Char yield of pyrolysis, first and second regeneration cycles, enhancement reheat 
cycle and grinding/sieving. 

Process Temperature (°C) 
Mass 
Yield Used in RSSCT 

Pyrolysis 850 21.5% All 
Regeneration 600 85.4% Regenerated, 2XR 
Regeneration 700 78.3% - 
Regeneration 850 70.1% - 
2nd Regeneration 600 75.0% 2XR 
Enhancement Reheat 600 80.2% Enhanced 

 

In order to isolate the effect of fouling prior to thermal regeneration, an aliquot of “fresh” 

biochar was processed in the same manner as the “fouled” biochar. 5.95 g of char was placed 

into two covered Fisherbrand FB-965-D ceramic crucibles with approximately 30% headspace, 

and heated in a laboratory muffle furnace with a peak temperature of 600°C, maintained for 2 

hours. A similar layer of ash was observed and removed. Char that had been processed to this 

point is referred to as “enhanced” biochar in figures and further discussion. It differs from 
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“regenerated” biochar because it had not been exposed to the water matrix prior to the second 

heating process. 

In order to compare biochar performance to that of activated carbon, a sample of Norit 

1240 GAC was ground using a mortar and pestle, and wet sieved to attain a 100 x 200 mesh size. 

This GAC was dried at ~80°C overnight in order to assess the efficiency of grinding and sieving. 

This carbon is labeled “AC” in further figures.  

All adsorbents were loaded into RSSCT columns, the design of which is discussed below, 

and used to treat the chosen water matrix. When the “regenerated” biochar had again broken 

through such that the effluent SMX concentration from the 20 minute EBCT column was >80% 

of the influent SMX concentration, char from the first two column sections was dried overnight 

at ~80°C, yielding 2.60g. This char was then placed in a covered Fisherbrand FB-965-D ceramic 

crucible, and thermally regenerated in a laboratory muffle furnace with a peak temperature 600 

°C, maintained for two hours. Again, a small layer of ash was observed and removed. Char that 

had been processed to this point is referred to as “twice regenerated” biochar in figures and 

further discussion, abbreviated as “2XR”. 

Water Matrix 

Water that was circulated through the large fouling column and RSSCTs was prepared 

using water from Big Elk Meadows Lakes, near Lyons, Colorado (BEM) and RO water, 

targeting 4 mg/L TOC, then spiked with ~200 ng/L of SMX. BEM water was first filtered 

through a 0.45 µm filter. Influent samples were taken concurrently with each effluent sample 

from the RSSCTs, and the average characteristics of the resulting water matrix are shown in 

Table 2.3.  
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Table 2.3: Average influent water characteristics for large fouling column and RSSCT’s. pH 
value shown is based on one measurement. 

TOC (mg/L) UVA254nm (cm-1) pH CSMX (ng/L) 
4.18 0.100 7.88 191 

 

Breakthrough of TOC, UVA254 nm, and SMX were monitored at the intermediate sample 

points and the effluent of each RSSCT. 14C-labeled SMX was obtained from American 

Radiolabeled Chemicals, Inc. (St. Louis, MO), and its concentration was measured using a Tri-

Carb 2300TR liquid scintillation counter. TOC was analyzed using a Sievers 5310C Laboratory 

TOC Analyzer, and UVA254nm was analyzed using a Hach DR/4000U Spectrophotometer. 

RSSCT Design and Operation 

The RSSCTs were designed using the assumptions of proportional diffusivity (26,39,40). 

A flow rate of 2 mL/min was targeted, using a Cole Parmer model 7090-62 PTFE Diaphragm 

pump, rated for 100mL/min at 0 psi, 75 psi max continuous duty, and 400 RPM continuous duty, 

attached to a Cole Parmer Masterflex Console Drive. Empty bed contact times (EBCTLC) were 

chosen as shown in Table 2.4 for each sample. The exact mass transfer scaling was not 

considered crucial in this design process, because the goal was to directly compare the 

performance of the different adsorbents, rather than to predict full scale performance.  

Table 2.4: Chosen EBCTs  for RSSCTs. 

Adsorbent 
EBCTLC 

10 min 20 min 30 min 
Fresh Biochar X X X 

Fouled Biochar  X  
Regenerated Biochar X X X 

Twice Regenerated (2XR) Biochar X   
Enhanced Biochar X X  
Activated Carbon X X  
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The Teflon tubing used had an internal diameter of 0.476 cm, which led to a bed length 

of 13.22 cm per 10 minutes of EBCT. When multiple EBCTs were evaluated for a given 

adsorbent, intermediate sample points were established in a series of 10 minute EBCTLC 

columns, as shown in Figure 2.2.  

 

Figure 2.2: RSSCT Experimental Setup with influent, 10 min, 20 min, and 30 min EBCTLC 
sampling ports. 
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A pulsation damper chamber was attached to the system downstream of the pump, 

followed by a glass wool filter, air release valve, and sampling point for influent samples. 

Adsorbent beds followed this sampling point, separated by glass wool plugs if multiple beds 

were in series. A p-trap configuration was attached to the system downstream of the last 

adsorbent bed in order to keep air bubbles from travelling up the tube into the adsorbent.  

To load the adsorbent beds, char was submerged in RO water, and degassed in a vacuum 

chamber at least overnight before the slurry was loaded into the tubing using a pipettor. All 

columns were operated at room temperature (20°C-24°C).  

Column flow rate was calculated regularly according to volume passed and time elapsed, 

and pumps were adjusted as necessary. The resulting average flow rate was 2.00±0.26 mL/min. 

Samples were discarded if flow rate during sampling differed from the target flow rate by more 

than 10% (0.2 mL/min). After any flow rate adjustments, the column was allowed to equilibrate 

for at least 10 bed volumes prior to sampling, in order to more closely match steady state 

operation.  

BET Surface Area and Particle Size Distribution 

BET (Brunauer, Emmet, and Teller) surface area analysis and BJH (Bennett, Joyner, and 

Halenda) pore size distribution analysis of biochar samples were conducted using Micromeritics 

Gemini VII Model 2380 Surface Area Analyzer, using nitrogen as the adsorbate. Particle size 

distribution was analyzed using a Mastersizer Hydro SM2000(a) instrument.  
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3. RESULTS 

Breakthrough of Sulfamethoxazole on Fresh, Fouled, and Regenerated Adsorbents 

Breakthrough results for SMX are shown as normalized concentration, the ratio of effluent 
effluent concentration to the average influent concentration, as a function of throughput in bed 
volumes, which can be calculated at the ratio of operation time to EBCT, or volume treated to 
adsorbent bed volume, in B) 

 

Figure 3.1, Figure 3.2, and Figure 3.3, for the 10-, 20-, and 30-min EBCTs, respectively.  

The average influent SMX concentration was 191 ng/L. 

Char that was thermally regenerated not only regained its previous adsorption capacity 

for SMX, but exhibited a dramatic increase in adsorption capacity, at all three EBCTs. This 

effect was also observed in the enhanced char, and so the increase in capacity was independent 

of whether the char had been previously used or not. Previous use appeared to slightly decrease 

the improvement at the 10-minute empty bed contact time, but no samples were obtained 
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between 10% and 50% SMX breakthrough, and so the evidence for this conclusion is tenuous. 

Enhanced and regenerated biochar behaved nearly identically at the 20-minute EBCT. The 

second round of thermal regeneration added even further adsorption capacity, leading to later 

breakthrough of SMX at the 10-minute EBCT. Despite these improvements in biochar 

adsorption capacity, activated carbon still significantly outperformed any biochar. The RSSCT 

using fouled biochar verifies that adsorption capacity of the char was indeed greatly reduced 

prior to thermal regeneration. 
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A)

B) 

 
Figure 3.1: A) Breakthrough of sulfamethoxazole (SMX) for various adsorbents  

for large column empty bed contact time of 10 minutes (EBCTLC), and B) The same figure 
expanded to show SMX breakthrough for AC. 

* Fouled adsorbent is shown for EBCTLC of 20 minutes. 
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Figure 3.2: Breakthrough of sulfamethoxazole (SMX) for various  
adsorbents for large column empty bed contact time of 20 minutes (EBCTLC). 

*Twice-regenerated biochar (2XR) is shown for EBCTLC of 10 minutes. 

 

Figure 3.3: Breakthrough of sulfamethoxazole (SMX) for  fresh and regenerated biochar with a 
large column empty bed contact time (EBCTLC) of 30 minutes. 
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Adjusting for Mass Losses 

The approximate bed volumes at 10% SMX breakthrough (BV10), and 50% breakthrough 

(BV50) for each adsorbent are displayed in Table 3.1. Also displayed are the bed volumes to 

breakthrough multiplied by the total efficiency of thermal regeneration, +total, as a measure of 

adsorption capacity per mass of fresh biochar. Total efficiency is defined as the product of mass 

yields for thermal regeneration cycle undergone by the char, which are displayed in Table 2.2. 

Even when adjusted for the mass losses incurred during thermal regeneration and enhancement, 

the regenerated and enhanced biochar perform better than fresh biochar. In the second 

regeneration cycle, most of the additional benefit beyond the first cycle is counteracted by mass 

loss, but the improvement over fresh char is maintained. This is visually demonstrated by the 

presentation of the same data in Figure 3.4.  

Table 3.1: Approximate bed volumes to 10% and 50% SMX breakthrough, bed volumes to SMX 
breakthrough adjusted for regeneration mass yield, and bed volumes to 80% UVA254 

breakthrough for various adsorbents. 

Adsorbent 
SMX UVA254 

BV10 BV50 BV10*+total BV50*+total BV80 
Fresh 1,500 4,100 1,500 4,100 700 

Fouled 150 620 - - 100 
Regenerated 7,100 14,000 6,100 12,000 2,100 

2XR 10,000 19,200 6,400 12,300 2,900 
Enhanced 7,400 14,800 5,900 11,900 1,600 

GAC 56,000 - - - 24,000 
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Figure 3.4: Bed volumes to 10% and 50% SMX breakthrough, and bed volumes to breakthrough 
adjusted by total regeneration efficiency. 

Effect of Empty Bed Contact Time on SMX Breakthrough 

The impact of EBCT on SMX breakthrough is shown in Figure 3.5 and Figure 3.6. For 

fresh biochar, very little-to-no effect of EBCT was observed on SMX breakthrough (Figure 3.5). 

The shorter empty bed contact time seemed to lead to faster breakthrough earlier on, which then 

crosses over with longer EBCTs around 3,000 bed volumes. This is consistent with previous 

results using activated carbon from Corwin and Summers, who attributed the effect to the pre-

fouling effect of DOM, which has a longer mass transfer zone than the more strongly-adsorbed 

organic contaminants (17). A slight effect was observed for regenerated char, shown in Figure 

3.5, and enhanced char, shown in Figure 3.6, where shorter EBCTs had earlier SMX 

breakthrough. However, the crossover was never clearly observed.  
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Figure 3.5: Effect of empty bed contact time (EBCTLC) on SMX breakthrough for fresh and 
regenerated biochar.  

 

Figure 3.6: Effect of empty bed contact time (EBCTLC) on SMX breakthrough for fresh and 
enhanced biochar. 
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TOC Breakthrough for Fresh and Regenerated Adsorbents 

At an average influent TOC concentration of 4.18 mg/L, TOC broke through beyond 

80% within the first 2000 bed volumes for fresh, regenerated, and enhanced biochar, as shown at 

different EBCTs in Figure 3.7 A, B, and C. Fresh and regenerated biochar performed similarly, 

but enhanced biochar broke through slightly sooner. On a basis of mass adsorbed, fresh and 

regenerated char performed similarly, while enhanced biochar adsorbed significantly less, due to 

its rapid approach to 100% breakthrough.  
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B) 

 

 

C) 

 

Figure 3.7: TOC breakthrough for various biochars with empty bed contact times (EBCTLC) of 
A) 10 minutes, B) 20 minutes, and C) 30 minutes. 
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Effect of Empty Bed Contact Time on TOC Breakthrough 

The TOC breakthrough data for fresh biochar across different EBCTs are shown in 

Figure 3.8. The data for regenerated and enhanced char are shown in Figure 3.9. These both 

suggest no effect of empty bed contact time on adsorption of TOC by biochar.  

 

Figure 3.8: TOC breakthrough for fresh biochar with three empty bed contact times (EBCTLC). 

 

 

Figure 3.9: TOC breakthrough for regenerated and enhanced biochar with different empty bed 
contact times (EBCTLC). 
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UVA254 Breakthrough for Fresh, Fouled, and Regenerated Adsorbents 

UVA, measured at a wavelength of 254 nm, was recorded for all RSSCTs that were 

conducted. The average influent UVA254 was 0.100 cm-1. This breakthrough data is presented for 

EBCTs of 10 minutes, 20 minutes, and 30 minutes in Figure 3.10 A, B, and C, respectively. A(i) 

and A(ii) show different scales. The relative performance of the adsorbents closely matched the 

relative performance observed in SMX breakthrough. Fouled biochar had the lowest adsorption 

capacity as measured by UVA254, followed by fresh biochar. Chars that had been treated with a 

thermal regeneration or enhancement step exhibited a higher capacity for adsorbing the aromatic 

compounds represented by UVA254. However, the effect of the second thermal regeneration 

cycle were less clear than for SMX adsorption. All biochars were significantly outperformed by 

activated carbon. The UVA254 breakthrough curves were quantified using the bed volumes to 

80% UVA254 breakthrough, BV80, UVA. These chosen values are reported in Table 3.1. For 

biochar, they were highly correlated with the bed volumes to 10% and 50% SMX breakthrough, 

with R2 values of 0.94 and 0.87, respectively, when the y-intercept was set to zero. This 

correlation is visually represented in Figure 3.11, and encourages the notion that UV absorbance 

at 254nm may have predictive value for biochar performance in future tests, since UVA is much 

easier to measure than synthetic organic contaminant concentrations. However, the relationship 

developed for biochar over-predicted throughput to 10% SMX breakthrough in AC by 53%. 
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A) (i) 

 

 (ii) 
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B) 

 
C) 

 
Figure 3.10: UVA254 breakthrough for various adsorbents with empty bed contact times 

(EBCTLC) of A)-(i) and -(ii) 10 minutes B) 20 minutes, and C) 30 minutes. 
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Figure 3.11: Correlation between throughput to 80% UVA254 breakthrough and throughput to 
10% or 50% SMX breakthrough. 

Effect of EBCT on UVA254 Breakthrough 

The effect of EBCT  on UVA254 breakthrough is presented for fresh biochar, regenerated 

biochar, and activated carbon in Figure 3.12, and for enhanced biochar in Figure 3.13. Fresh and 

regenerated biochar show negligible effects of EBCT. Activated carbon shows marked improved 

performance at shorter EBCT. Enhanced biochar follows this same trend.  
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Figure 3.12: UVA254 breakthrough for various adsorbents with different empty bed contact times 
(EBCTLC). 

 

Figure 3.13: UVA254 breakthrough for enhanced biochar with two different empty bed contact 
times (EBCTLC). 
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Comparison of UVA254 and TOC Breakthrough 

A comparison of UVA254 breakthrough to TOC breakthrough for some biochars at 10, 20, 

and 30 minute EBCTs is shown in Figure 3.14 A, B, and C. UVA254 is more strongly adsorbed 

for regenerated and enhanced biochars at all EBCTs, but this trend seems to be reversed for fresh 

biochar. TOC breakthrough occurred before UVA254 breakthrough with the enhanced and 

regenerated biochar, while UVA254 breakthrough occurred prior to TOC breakthrough for the 

fresh biochar. 
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B) 

 

C) 

 

Figure 3.14: Comparison of TOC and UVA254 breakthrough for various biochars at empty bed 
contact times (EBCTLC) of A) 10 minutes, B) 20 minutes, and C) 30 minutes. 
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Particle Size Distribution of Biochars 

RSSCT breakthrough curves for removal of trace organics by GAC have been shown to 

depend on particle size when DOM is present (41). Larger particles are fouled by DOM to a 

greater extent than smaller ones, and so it is reasonable to expect that a decrease in particle size 

during drying and thermal regeneration, even within the range of the 100 mesh and 200 mesh 

sieves, could contribute to the observed increase in adsorption capacity. The particle size 

distribution of five chars was characterized using a Mastersizer Hydro SM2000(a), which works 

by analyzing the pattern of light scattered by a representative sample of the char (42). The 

overlaid cumulative particle size distribution functions are shown in Figure 3.15. Characteristic 

numbers of the particle size distribution are shown in Table 3.2. These characteristics are defined 

in the Appendix. The chars had nearly identical particle size distributions, which suggests that a 

decrease in particle size as described above did not significantly occur during the drying and 

thermal regeneration processes.  

 

 



 
 
32 

 

Figure 3.15: Cumulative distribution function of char particle size. Vertical lines indicate the 
nominal opening size in the upper (100 mesh) and lower (200 mesh) sieves used to produce the 

chars. 

Table 3.2: Particle size distribution parameters 

Sample 
Span 

D [4, 3], 
Volume 
weighted 

mean Uniformity D10 D50 D90 D60* 

CU, 
Coefficient 

of 
Uniformity 

[µm] [µm] [unitless] [µm] [unitless] 
Fresh 0.99 153 0.30 89 144 231 159 1.78 

Fouled 0.96 151 0.30 89 143 226 157 1.76 
Regenerated 0.97 154 0.30 91 145 231 160 1.77 

2XR 1.03 155 0.32 88 145 237 161 1.84 
Enhanced 0.96 158 0.30 93 149 236 164 1.76 

*D60 interpolated from Figure 3.15 data. 

The opening sizes of standard 100 mesh and 200 mesh sieves, which were used to 

generate the adsorbent media for the RSSCTs in the present study, are also shown in Figure 3.15. 

These sizes are 150 µm and 75 µm, respectively. More than 50% of the volume of the samples 

analyzed was composed of particles larger than the top sieve, despite passing through that sieve 

in order to be included in the analysis. A possible explanation is that many of the particles are 
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irregularly shaped. It is conceivable that such a particle could pass though the openings in the top 

sieve on its shortest axis, but would register as a larger particle in the Mastersizer analysis. 

BET Surface Area Analysis 

The measured BET surface area of each biochar sample, along with BET surface area 

reported from the literature of the activated carbon that was used are shown in Table 3.3. After 

thermal regeneration, the char exhibited a 33% increase in surface area if it had been fouled prior 

to thermal regeneration, and a 29% increase if it had not been previously fouled. The second 

cycle of regeneration led to a further 11% increase in surface area. This indicates that the thermal 

regeneration process is creating or opening access to new surface area, rather than just cleaning 

previously available surface area. This could indicate that reheating the biochar allows the 

pyrolysis process to continue, further developing the pore structure beyond what was achieved 

during the initial 2 hour hold time.  Kearns et al. observed an effect of pyrolysis duration on 

adsorption capacity of biochar, although the only direct comparison was between 4 hours and 4 

days of pyrolysis time (20). The increase in surface area could also be due to steam activation 

owing to residual water in the pores of the biochar when it is reheated, or some level of air 

activation due to the air that is initially present in the crucible.  

The biochar that had been fouled by DOM and SMX did not exhibit a decrease in BET 

surface area, which could have been an artifact of the method, as the biochar sample may let out 

gases prior to the adsorption of nitrogen gas at a low temperature. A decrease in surface area due 

to fouling has been observed in activated carbon used at the full scale (43). This effect could also 

be missing from the present study because the fouling column was not in operation for long 

enough to adequately model biological activity, which is the case for RSSCTs in general (15).  
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Table 3.3: Measured and reported BET surface areas of adsorbents 

Sample BET Surface Area (m2/g) 
Fresh 376 ± 9 

Fouled 385 ± 9 
Regenerated 500 ± 12 

2XR 554 ± 12 
Enhanced 485 ± 11 

Norit 1240 GAC(44) 1175  
 

As shown in Figure 3.16, the BET surface area of the char samples is very highly 

correlated with the observed breakthrough of SMX at both 10% and 50% of influent 

concentrations, with an R2 value of 0.99 and 0.98, respectively. This indicates that the 

improvement in adsorption capacity observed in the biochar can be attributed to increases in 

surface area, and is likely not significantly affected by changes in surface chemistry or particle 

size. Based on the x-axis intercept (BET surface area) a surface area of more than 350 m2/g is 

needed for any appreciable SMX removal to occur. The relationship under-predicts throughput to 

10% SMX breakthrough for AC by 29%. 

 

Figure 3.16: Relating 10% and 50% SMX breakthrough to BET surface area 
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BJH Pore Size Analysis  

The Barrett, Joyner, and Halenda (BJH) adsorption average pore diameter was 

determined for each biochar, and the results are displayed in Figure 3.17, with more detailed 

information in the Appendix. All biochar samples had an average pore diameter in the lower end 

of the mesoporous range (2-50nm, or 20-500 Å), and a decrease in average pore diameter was 

observed for each successive heating step. The regenerated and enhanced biochars exhibited a 

6% and 4% decrease in average pore diameter from the fresh biochar average pore diameter, 

respectively. The second regeneration step led to a further 4% decrease in average pore diameter 

from that of the regenerated char. This decrease in average pore diameter is strongly correlated 

with the observed increase in surface area, as shown in Figure 3.18, with an R2 value of 0.94. 

This makes sense because the majority of biochar surface area is theorized to reside in 

micropores (45). Slight changes in pore size distribution were also observed, and the rest of this 

data is presented in the Appendix.  

 

Figure 3.17: BJH Adsorption Average Pore Diameter (4V/A) for different biochars 
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Figure 3.18: Relationship between BET surface area and BJH adsorption average pore diameter 
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4. CONCLUSION 

Heating biochar in a second semi-oxic step at a lower temperature than that originally 

used to generate the char resulted in a dramatic improvement in column adsorption capacity, 

even when operated in the presence of DOM. This was quantified by a fourfold increase in the 

bed volumes to 10% breakthrough of sulfamethoxazole, and nearly fourfold increase in bed 

volumes to 50% breakthrough. DOM adsorption capacity was also improved. This increase in 

adsorption capacity was strongly correlated with an observed increase in BET surface area, and 

was still significant even after accounting for the decrease in mass of char during the heating step 

of 15 to 20%. The improvement in adsorption and increase in surface area was repeatable for 

multiple cycles of fouling and regeneration, although the further increase in adsorption capacity 

in the second regeneration cycle was counteracted by the 25% loss of char mass. While the 

adsorption capacity of biochar for SMX in the presence of DOM was greatly improved by the 

second heating step, it does still not approach the capacity of activated carbon in column mode. 

The average pore diameter of the biochar decreased with each cycle of thermal regeneration, and 

was negatively correlated with surface area. A positive effect of increased EBCT on SMX 

adsorption capacity was observed after the regeneration/enhancement heating step, and for 

activated carbon, but not for fresh biochar. A change in particle size distribution was not 

observed due to the reheating process, although more than half of the particles were measured to 

be larger than the expected maximum size of 150 µm. 

This process was originally termed thermal regeneration, because the goal was not to 

further develop the pore structure of the char, but to remove the adsorbed compounds from the 

internal surfaces of the char, and regain adsorption capacity. However, the observed increase in 

adsorption capacity, along with an increase in BET surface area both suggest that this semi-oxic 
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heating step is developing new pore structure within the biochar, and so is therefore more of a 

reactivation rather than regeneration process. This may be due to residual water inside the pores 

of the char, or the small amount of air that is present in the crucible as heating occurs. Air 

(re)activation or thermal (re)activation may be a more appropriate term for the process that was 

conducted.  

Future Investigation 

Further research should be conducted on the mechanism of regeneration and/or 

(re)activation that occurred when biochar was reheated with limited access to oxygen. BET 

surface area and SOC adsorption capacity should be characterized for chars that have been 

generated at varying durations in order to illuminate the effect of pyrolysis duration, and separate 

it from the potential effect of cooling the char to room temperature and raising the temperature 

again, as was done in the present study.  The same characterizations should also be conducted for 

chars that undergo the second heating step in an inert atmosphere in order to assess whether air 

activation occurred. Additionally, the effect of temperature during this second step on the 

adsorption capacity of the biochar should be investigated. Lower regeneration temperatures led 

to higher mass yields in the present study, and the peak temperature of pyrolysis has been shown 

to have a significant effect on adsorption capacity of biochar, with lower temperatures yielding 

worse-performing chars (20,11). It is reasonable to assume that peak regeneration temperature 

has an effect on adsorption capacity as well, and there is likely to be an optimum temperature at 

which to conduct this treatment in order to maximize overall adsorption capacity, not just 

specific adsorption capacity. Field applicability of this technique is also an area of research with 

many unanswered questions. 
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6. APPENDIX 

Equations 

Equation 1: DX 

,- = *./01)12	452	6ℎ.8ℎ	9%	 ;<	=5>?01 54	@/0A>1	.@	850A5@1*	54	@0/>>12	A/2).8>1@ 

Equation 2: Span (42) 

BA/C =
,DE − ,GE

,HE
 

Equation 3: Coefficient of Uniformity (15) 

#I =
,JE
,GE

 

Equation 4: Uniformity (42) 

K =	
Σ=M * =, 0.5 − *M

*(=, 0.5)Σ=M
 

where d(v,0.5) is the median size of the distribution in terms of volume, and di and vi are 

respectively the mean diameter of, and result in, size class i. 

Equation 5: Volume weighted mean (42) 

, 0, C =
ΣTM*M

UVW

ΣTM*M
XVW

G
UVX

 

where m = 4 and n = 3. 
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Supplementary Data 

 

Figure 6.1: BJH pore size distribution of biochars in terms of surface area in a given size range. 
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Figure 6.2: Breakthrough of sulfamethoxazole as a function of throughput normalized to BV50. 
Breakthrough curves exhibit similar shapes for all adsorbents, indicating that the adsorption 
kinetics are not affected by the regeneration process.
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Table 6.1: Total efficiency of regeneration processes, and approximate throughput to 10% and 50% SMX breakthrough and 80% UVA 
breakthrough for each EBCT and adsorbent. BVX' values were chosen as representative values for the adsorbent based on inspection, 

and are also shown in Table 3.1. 
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Table 6.2: Pore Size Distribution and Surface Area Characteristics 
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