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Abstract 

Biochar is a stabilized, recalcitrant carbon compound, created when biomass is 

heated to temperatures between 300-1000°C, under low oxygen concentrations. It can be 

produced from a variety of biomass feedstock, such as agricultural residues, wood chips, 

and manure. Recently, biochars have found several applications in environmental 

remediation. This study evaluated the effect of biochar on microbial sulfate reduction in 

cell suspension assays and batch growth experiments, as well as the potential of biochar 

to remove heavy metals from aqueous solution. Irrespective of dosage (0.5 – 10 g/L), 

biochar increased the extent of sulfate reduction by Desulfovibrio alaskensis G20 up to 4-

fold in suspension assays. Batch growth experiments demonstrated that biochar 

concentrations up to 10 g/L have no inhibitory effects on microbial sulfate reduction and 

cell growth. We further compared the sorptive properties of different biochars for copper 

and nickel. Biochars were pyrolyzed in the presence of magnesium hydroxide (Mg(OH)2) 

or magnesium chloride (MgCl2) and sorption isotherms for copper and nickel were 

compared to unmodified biochar. Copper and nickel sorption capacities were greatly 

improved for the magnesium-enhanced biochars, indicating that biochar mineral 

supplementation can increase the efficiency of metal adsorption and removal from 

solution. Ongoing research under this theme aims at the development of a biochar-

mineral composite material that promotes biological sulfate reduction and heavy metal 

adsorption in order to provide an efficient, low-cost, environmentally-friendly absorbent 

material that can be used for mine water treatment in bioreactors and/or permeable 

reactive barriers. 
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Introduction 

Ferrous and non-ferrous mining play a crucial role in Minnesota’s economy. It is 

estimated that by 2016, mining activities may contribute nearly $5 billion in wages, rents, 

interest, and profits to Minnesota’s economy (Bureau of Business and Economic Research 

2012). The possible expansion of mining activities in northeastern Minnesota, particular ly 

non-ferrous sulfide mining, has met resistance from certain public organizat ions 

(Minnesota DNR 2013; Barber, et al. 2014). These public organizations fear that sulfide 

mining will cause damage to the environment due to runoff contaminated with sulfate and 

metals from these new mine sites. The state of Minnesota is currently facing the challenge 

to balance the economic gains of mining with the potential adverse environmental effects 

of increased mining activity in the northeast. With mining playing an important role in 

Minnesota’s economy, finding safe, effective, and efficient ways to treat and remediate 

mine wastewater is essential. 

Sulfide mining has a long history of contaminated mine drainage leading to 

environmental harm due to the fact that reduced sulfide minerals unearthed during mining 

are oxidized when exposed to oxygenated surface water (Robb & Robinson, 1995). 

Oxidation of these sulfide minerals produces sulfuric acid. This sulfuric acid production 

reduces pH values in the mine drainage, hence the term acid mine drainage (AMD) 

(Nordstrom, 2011). Furthermore, AMD often contains toxic metals such as copper, 

cadmium, lead, and nickel (Nordstrom, 2011). This leads to a need to remediate AMD 

before it can be received by the surrounding environment. 

AMD is generated due to the fact that coal and metallic ore deposits are often found 

in the presence of sulfide minerals (Bigham & Nordstrom, 2000; Evangelou & Zhang, 
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1995). The simplified equation below shows the oxidation of pyrite in the presence of 

oxygen, leading to AMD formation in surface waters (Johnson & Hallberg, 2005). 

Equation 1 

4FeS2 + 15O2 + 14H2O → 4Fe(OH)3 + 8SO4
2− + 16H+ 

As can be seen from Equation 1, the oxidation of these sulfidic minerals can lead to the 

production of sulfuric acid. This sulfuric acid production can lead to extremely low pH 

values (pH 0-5) in AMD. Furthermore, the acidic nature of these waste streams can 

subsequently mobilize toxic heavy metals, such as copper and cadmium, that are often 

found in the presence of sulfide ore (Nordstrom, 2011). These mobilized heavy metals can 

have widespread ecological affects, such as reduced biodiversity, in the receiving 

environment (Johnson & Hallberg, 2005). Furthermore, these heavy metals and low pH 

values can also inhibit sulfate reducing bacteria that produce sulfide, which is extremely 

insoluble with many heavy metals. 

 While pH values in Minnesota AMD generally only reach minimums of around 

four to five due to the carbonate mineral content of the rocks found in the region, there is 

an additional concern specific to northern Minnesota (Lapakko and Antonson, 2012). This 

concern is the increased concentration of sulfate (due to sulfide mineral oxidation) in mine 

drainage (MD) and subsequent sulfide production in watersheds containing lakes and rivers 

supporting wild rice that receive said MD. While sulfate is not directly toxic to wild rice 

plants, if it is reduced to sulfide by sulfate reducing bacteria in sediment supporting the 

roots of wild rice, it can have inhibitor effects (MPCA, 2015). With wild rice being an 

important part of Minnesota’s heritage, elevated sulfate concentrations (100’s to 1000’s of 

milligrams per liter) in MD are particularly significant. This leads to the need to find 

reliable and efficient sulfate removal techniques that can be applied to MD. 



3 
 

Technologies relating to remediating AMD can be grouped into two categories, 

abiotic and biological (see Figure 1 below). Biological treatment, such as wetland treatment 

or sulfidogenic bioreactors, depends on biological activity, while abiotic treatment, such as 

limestone drains, does not (Johnson & Hallberg, 2005). Remediation technologies can be 

further subdivided into passive and active systems. Active systems generally require 

equipment (such as pumps and tanks), continuous maintenance, and operational oversight 

to achieve remediation target levels (Trumm, 2010). Passive systems rely on natural 

processes (e.g. physical, biological, geochemical) to remediate AMD. Being that precise 

engineered controls can be put in place to obtain a specific water quality during active 

treatment, active treatment technologies generally lead to more reliable remediation of 

AMD. The reliability of active treatment makes these methods attractive during active 

mining when large quantities of water need to be processed (Caraballo, Macias, Rotting, 

Nieto, & Ayora, 2011). Nevertheless, active treatment is often more labor intensive and 

expensive than passive treatment, due to the high initial cost of manufacturing the system 

and the continued cost of operation and maintenance. This in turn can make a passive 

treatment method (when possible) more attractive once a mine is abandoned and continued 

mitigation cost is to be minimalized (Trumm, 2010). 
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Figure 1: Remediation technologies for AMD (Johnson & Hallberg, 2005). 

 

 Remediation of AMD through the use of biochar has received considerable 

attention due to its ability to sequester various metals in solution and because of its low 

manufacturing cost (Ahmad et al., 2014; Fellet, Marchiol, Delle Vedove, & Peressotti, 

2011). Biochar is the carbonaceous product formed during the heating of biomass under 

oxygen limited conditions (pyrolysis) (Ahmad et al., 2014; Beesley et al., 2011). Biochar, 

which consists primarily of carbon, oxygen, and hydrogen, can generally be characterized 

by a number of unique surface properties (Ennis, Evans, Islam, Ralebitso-Senior, & Senior, 

2012). The most significant of these properties includes a large surface area, an abundant 

array of surface functional groups (hydroxyls, carbonyls, carboxyls), a porous surface 
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morphology, and an alkaline pH (Ahmad et al., 2014; Tan et al., 2015). It should be noted 

that acidic biochar is also a possible product during pyrolysis (Ahmad et al., 2014; Sun et 

al., 2014). 

This pyrolysis of biomass results in a stable, recalcitrant, and carbon rich material 

(Ennis et al., 2012; Lehmann et al., 2011b). This stable material, along with its other unique 

properties, allows for multiple different uses. Current research has focused on utilizing 

biochar to sequester CO2 to help mitigate climate change, as a possible material to be used 

in supercapacitors, and as a soil amendment to increase soil productivity while 

simultaneously decreasing CH4 and N2O emissions. Recent applications, however, have 

begun exploring biochar as a way to immobilize contaminants (organic and inorganic) from 

both soils and aqueous solutions (Ahmad et al., 2014; Ennis et al., 2012; Lehmann et al., 

2011a). Furthermore, the production of biochar is often seen as a renewable and cost-

effective alternative to traditional sorptive materials such as activated carbon. This is due 

to the fact that biochar can be produced from abundant, inexpensive, and/or undesired 

biomass to lower the overall production cost (Babel & Kurniawan, 2004; Nomanbhay & 

Palanisamy, 2005). 

The production of biochar relies on the relatively simple process of pyrolysis. 

Multiple variables, both in the biomass used and in the pyrolysis parameters, however, 

have large impacts on the properties, such as surface area, pore volume, and surface 

function groups, of the end product. These variables include (but are not limited to) the 

type of biomass used (e.g. manure versus woodchips), pyrolysis temperature, pyrolysis 

time, and production method (Ennis et al., 2012; Sun et al., 2014). Generally, as pyrolysis 

temperature is increased, the carbon content and surface area of the product will increase. 
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In addition, as pyrolysis temperature is increased, the oxygen content and product yield is 

decreased (Y. X. Han, Boateng, Qi, Lima, & Chang, 2013; Sun et al., 2014). Thus, based 

on the circumstances for which the pyrogenic carbon is to be used, pyrolysis conditions 

and biomass can be chosen to optimize the end product for a specific application. 

Recently, research has been devoted to creating “engineered” biochar. This field of 

study focuses on the chemical modification of biochar so as to maximize a certain 

functional property. These chemical modifications include (but are not limited to) acid/base 

treatment, chemical precipitation, and chemical impregnation (Fang, Zhang, Li, Jiang, & 

Wang, 2014; Z. T. Han et al., 2015; Li et al., 2014). Various modification processes rely 

on either pretreatment of the biomass before pyrolysis, or post treatment of the produced 

pyrogenic carbon. Pretreatment generally involves soaking the biomass before pyrolysis in 

a chemical solution to obtain uptake of a desired chemical. Post treatment involves 

modification following the pyrolysis of the biomass. Most modifications utilizing post 

treatment use acid/base treatment or chemical precipitation to obtain the desired 

modification. For example, in an article by Chen et al., biochar impregnated with magnetite 

was created by pretreating the biomass in a solution of ferrous and ferric iron. This 

magnetite modified pyrogenic carbon was found to exhibit magnetic properties such that it 

could be separated from aqueous solutions utilizing a magnet, leading to the possibility of 

easy separation from solution following sorption of various contaminants (Chen, Chen, & 

Lv, 2011). In another study, chitosan was loaded onto the surface of biochar (post 

treatment) derived from oil palm shell for the removal of chromium from wastewater 

(Nomanbhay & Palanisamy, 2005). This modification resulted in a large sorption capacity 
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for chromium with the added benefit that the sorbent could be reused following 

regeneration by sodium hydroxide (Nomanbhay & Palanisamy, 2005). 

In addition, biochar has been shown to have positive impacts on microorganism 

populations. This is due to the fact that biochar contains macropores (˃200 nm) in which 

microorganisms can live, creating micro-niches for specific bacteria while also protecting 

them from predation (Gul, Whalen, Thomas, Sachdeva, & Deng, 2015). Biochar can also 

increase microbial biomass by increasing soil water retention, nutrient and organic matter 

availability (through sorption and/or release), soil pH, and by sorbing toxins (Beesley et 

al., 2011; Lehmann et al., 2011a). Furthermore, biochar has been implicated as an electron 

shuttle in various biological systems due to its highly aromatic carbon structure and redox 

active surface functional groups. Electron shuttling by both solid-phase and soluble humic 

substances (which are high molecular weight redox active organics ubiquitous in the 

environment) is already recognized and has been shown to significantly increase redox 

reactions. In the article by Lovley et al., it was shown that iron(III) oxide reduction by 

Geobacter metallireducens was stimulated by the addition of soluble humic substances 

(Lovley, Coates, BluntHarris, Phillips, & Woodward, 1996). These humic substances were 

believed to have mediated the transfer of electrons from the cells to the solid ferric iron 

(Lovley et al., 1996). Another article by Roden et al. showed that solid-phase humics, 

which are much more common in soil environments, accelerated iron(III) oxide reduction 

by both Geobacter sulfurreducens and Shewanella putrefaciens by possibly acting as a 

solid-state electron shuttle (Roden et al., 2010). 

Biochar, which is also redox active, similar to humic substances, has already been 

shown to be able to act as an electron shuttle. Kappler et al. shower that biochar was able 
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to act as an electron shuttle to transfer electrons onto a solid iron(III) (ferrihydrite) electron 

acceptor from Shewanella oneidensis MR-1. In addition, biochar increased the rate of 

ferrihydrite reduction and extent of reduction (Kappler et al., 2014). In another study 

performed by Xu et al., S. oneidensis MR-1 and biochar were used to test the effect of 

biochar on hematite reduction (Xu et al., 2016). This study found that biochar increased 

240 hour hematite reduction extents by 50-100%, as compared to biochar-free controls (Xu 

et al., 2016). Biochar has also been implicated as an electron shuttle for the dechlorina t ion 

of pentachlorophenol (PCP) by Geobacter sulfurreducens (Yu, Yuan, Tang, Wang, & 

Zhou, 2015). In this study, the addition of biochar resulted in an 8-fold increase in PCP 

degradation after 21 days, as compared to the biochar-free control (Yu et al., 2015). 

However, how biochar interacts with sulfate reducing bacteria/if it can act as an electron 

shuttle is currently unknown. 

This study attempts to address the following questions and gaps in existing 

research: 1. Does engineered biochar increase sorption capacities towards heavy metals, in 

particular, copper and nickel, 2. Can biochar act as an electron donor/acceptor to increase 

sulfate reduction rates and/or sulfate reducing bacteria (SRB) growth yield 3. Can biochar 

relieve heavy metal stress from SRB through its sorptive capacity? In this study, engineered 

MgCl2 and Mg(OH)2 modified biochar are tested for nickel and copper sorption to evaluate 

if modification resulted in an increase in sorption capacity compared to unmodif ied 

biochar. These modified biochars were selected to increase sorption capacity towards 

heavy metals, due to increased ion exchange capacity and metal surface complexation. 

Furthermore, Desulfovibrio alaskensis G20 was used as a model SRB to test the hypothesis 

that biochar can act as an electron shuttle during biotic sulfate reduction, and in turn, 
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stimulate sulfate reduction. D. alaskensis is an obligate anaerobe that completely reduces 

sulfate to sulfide though the oxidation of simple organic molecules (i.e. lactate and formate) 

(Muyzer & Stams, 2008). No previous study investigating the effect of biochar on 

microbial sulfate reduction has been performed to date. The last part of this study involves 

testing the hypothesis of reducing either copper or nickel metal stress in a growing culture 

of D. alaskensis by adding biochar. It is believed that biochar will be able to sorb a certain 

amount of copper and nickel, reducing the concentration of available metal the bacteria are 

exposed to. Overall, this study looks to test the effect both the sorptive and redox properties 

of biochar have on microbial sulfate reduction. This study has direct impacts towards 

possible passive (such as permeable reactive barriers) or active (such as sulfidogenic 

bioreactors) remediation technologies regarding AMD through the use of SRB and biochar.  
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Methods 

Chemicals/Materials 

 All chemicals used were of at least reagent grade (Sigma Aldrich). 

 

Sorption Experiment 

-Production of Biochar Composite Materials 

 Three different biochars were tested for their sorption capacity towards nickel and 

copper in solution, unmodified Swiss biochar, magnesium hydroxide (MgOH2) modified 

biochar, and magnesium chloride (MgCl2) modified biochar (Swiss Biochar, Belmont-sur-

Lausanne, Switzerland). Engineered biochars were produced by blending waste biomass 

with metals prior to thermal treatment of the organic material. Biochars were produced 

from wood chips. Prior to pyrolysis, the wood chips were mixed with magnesium chloride, 

or magnesium hydroxide. All biochars were produced at 700°C in a PYREG pyrolysis 

reactor. The prepared biochar-based sorbents were characterized by determining basic 

physio-chemical properties such as pH, electrical conductivity (EC), metal leaching, and 

mass losses at pH 3, 5 and in distilled water (DW). The unmodified Swiss biochar was used 

as a control. In depth elemental composition of the control Swiss biochar can be found in 

Appendix A: Swiss Biochar Properties. Table 1 and Table 2 below show the above 

mentioned biochar physio-chemical properties. Before use, each individual biochar was 

first ground and sieved to obtain a particle size range of 125 to 500 microns. All biochars 

were ground using a mortar and pestle. The sieve shaker used was a RO-TAP Model RX-

29 (W.S. Tyler). Sieving was performed for 20 minutes. 
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Table 1: Tested biochar properties; ME stands for soluble metal extracts from biochar. N.D. 
stands for not determined. All reported properties are for unwashed biochar. 

 

 

Table 2: Tested biochar properties: ML stands for mass lost. All reported properties are for 
unwashed biochar. 

 

 

-Metal Solution Preparation 

 Stock solutions containing 1000 mg/L cupric sulfate or nickel sulfate were made in 

DI water using 250 mL volumetric flasks. Potassium chloride was included in these stock 

solutions at a concentration of 0.01 M to serve as a background electrolyte. To achieve the 

appropriate metal concentrations, the stock solution was diluted using 0.01 M potassium 

chloride containing DI water (dilution solution) so as to not change the background 

electrolyte concentration. The metal concentrations used to generate the isotherms were 

chosen to range from 0 to 80 mg/L in 10 mg/L increments. To achieve these final metal 

concentrations, the appropriate metal stock solution was diluted into the dilution solution. 

These dilutions were performed in 250 mL volumetric flasks using 10 and 5 mL pipettes 

to aliquot the metal stock solution. Table 3 below shows the volumes of metal stock 

solution and dilution solution used to generate the needed metal concentrations. 

Control 10.35 0.424 N.D. N.D. N.D

MgCl2 9.86 1.655 2.374 2.322 2.315

Mg(OH)2 10.48 0.553 1.898 1.880 1.832

ME (DW) 

[mg/g]
Biochar pH EC [mS/cm]

Me (pH 3) 

[mg/g]

Me (pH 5) 

[mg/g]

Control 0.185 0.084 0.078

MgCl2 0.458 0.387 0.372

Mg(OH)2 0.561 0.372 0.364

Biochar
ML (pH 3) 

[%]

ML (pH 5) 

[%]

ML (DW) 

[%]
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Table 3: Metal stock solution and dilution solution volumes needed for dilution to needed 
metal concentrations. 

 

 

Each solution was then acidified by dropwise addition of 0.5 M hydrochloric acid to a pH 

of 4.0 ± 0.1. 

 

-Batch Sorption Procedure 

 A batch sorption technique was used to determine the metal sorption capacity for 

each biochar. This technique relies on shaking/mixing until equilibrium is established 

between the sorbent and the sorbate. By measuring the starting concentration and 

equilibrium concentration of the sorbate, Equation 2 below can be used to determine 

sorption capacity. 

Equation 2: 

𝑄 =
𝐶𝑖 − 𝐶𝑓

𝑚/𝑉
 

Where 

 Q = sorption capacity [mg/g] 

 Ci = initial sorbate concentration [mg/L] 

 Cf = final sorbate concentration [mg/L] 

 m = mass of sorbent (biochar) [g] 

 V = volume of solution [mL] 

0 0 250

10 2.5 247.5

20 5 245

30 7.5 242.5

40 10 240

50 12.5 237.5

60 15 235

70 17.5 232.5

80 20 230

Final Metal 

Concentration [mg/L]

Volume of Stock 

Solution Needed [mL]

Volume of Dilution 

Solution Needed [mL]
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In this study, 20 mL of metal solution was added to 50 mL polypropylene falcon tubes 

containing 10 ± 0.3 mg of the biochar to be tested (United Scientific Supplies Inc.). This 

resulted in a biochar dose of 0.5 g/L. Tubes containing the biochar/metal mixture were then 

placed on a rotating inverter for 48 hours (Glas-Col). This rotating inverter completely 

inverted the falcon tubes at a speed of 45 rotations per minute. To ensure precipitation of 

the metals did not occur due to the alkalinity of the biochars, tubes were taken off the 

inverter at certain times during the 48-hour interaction time to have their pH checked and 

adjusted. pH check and adjustment times were 0.25, 1, 2, 4, 6, 18, 30, 42, 45, 45.5, 46, 

46.5, 47, 47.5, and 47.75 hours. 0.01, 0.5, and 0.1 M hydrochloric acid were used to adjust 

the pH’s back down to 4.0 when necessary. The total volume added to adjust the pH of 

each mixture was tracked throughout and accounted for during final sorption calculations. 

After 48 hours of interaction time, each mixture was taken off the inverter, checked 

for final pH, and then filtered into a clean tube using a 0.2 µm nylon syringe filter 

(Whatman). Each filtered mixture was then acidified to roughly 2.0 with 50 µL of 0.5 M 

HCl and stored at room temperature for metal analysis. All runs were performed in 

triplicate at 25˚ C. The isotherms were then fit with either the Langmuir or the Freundlich 

model (see Equation 3 and Equation 4 for each model below) using nonlinear regression 

(Microsoft Excel). The Langmuir model assumes monolayer adsorption with all binding 

sites being identical, while the Freundlich model does not assume monolayer adsorption, 

and also accounts for different binding sites having different energy (Limousin et al., 

2007). Please see Limousin et al., 2007 for a complete review on these isotherm models.  

An example of how the nonlinear regression was performed can be seen in Appendix B: 

Nonlinear Regression Example for Nickel Sorption onto MgCl2 Modified Biochar. 
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Equation 3: Langmuir Isotherm 

𝑄 =
𝑄𝑚 ∗ 𝐾𝐿 ∗ 𝐶𝑓

(1 + 𝐾𝐿 ∗ 𝐶𝑓)
 

Where 

 Q = sorption capacity [mg/g] 

 Qm = maximum sorption capacity [mg/g] 

 Cf = initial sorbate concentration [mg/L] 

 KL = Constant [L/mg] 

 

Equation 4: Freundlich Isotherm 

𝑄 = 𝐹 ∗ 𝐶𝑓𝑛 

Where 

 Q = sorption capacity [mg/g] 

 F = Freundlich constant [L/g]  

 Cf = final sorbate concentration [mg/L] 

 n = constant [ ] 

 

-Flame Atomic Absorption Spectroscopy Analysis (FAAS) 

 Initial and final metal concentrations in solution were measured using FAAS with 

acetylene as the fuel and ultra-pure air as the oxidant (Perkin Elmer AAS 100). 1000 mg/L 

metal stock standard calibration solutions were made in 1% nitric acid solution. All 

calibration solutions were freshly made by diluting into DI water. Copper concentrations 

were measured at a wavelength and slit of 324.8 and 0.7 nm, respectively. Nickel 

concentrations were measured at a wavelength and slit of 352.5 and 0.2 nm, respectively. 
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These FAAS settings resulted in linear ranges from 0 to 20 mg/L and 40 mg/L for copper 

and nickel, respectively. These linear ranges made it necessary to dilute the samples from 

the sorption experiments. The dilution factors used for each different metal concentration 

are shown in Table 4 and Table 5 below. Initial metal concentrations were also determined 

using the same dilution factor. Initial metal concentrations were determined by performing 

FAAS on the diluted metal solutions before biochar addition. 

 

Table 4: Copper dilutions used for FAAS analysis. ND = no dilution. 

 

 

Table 5: Nickel dilutions used for FAAS analysis. 

 

0 N.D. 1

10 N.D. 1

20 1:1 2

30 1:1 2

40 1:2 3

50 1:2 3

60 1:3 4

70 1:3 4

80 1:4 5

Dilution 

Factor

Copper 

Concentration [mg/L]
Dilution

0 N.D. 1

10 N.D. 1

20 N.D. 1

30 N.D. 1

40 1:1 2

50 1:1 2

60 1:1 2

70 1:2 3

80 1:2 3

Dilution
Dilution 

Factor

Nickel Concentration 

[mg/L]
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Growth Curve/ Cell Suspension Experiments 

-Desulfovibrio alaskensis G20 Media 

 D. alaskensis G20 was chosen to be used as the model SRB for all experiments and 

was obtained from the Lee Krumholz’s lab at Oklahoma University. The media used for 

cultivation, which was an adaptation from (Brandis & Thauer, 1981; Rapp & Wall, 1987), 

contained lactate as the electron donor and carbon source, and sulfate as the electron 

acceptor (from here on referred to as LS media) (Brandis & Thauer, 1981; Rapp & Wall, 

1987). The complete recipe for the LS media used for cultivation in these experiments can 

be seen in Table 6-8. 

 

Table 6: Composition of LS media components (per liter basis). 

 

 

NH4Cl 1.0698

KH2PO4 0.2294

MgSO4*7H20 1.9718

CaCl2*H20 0.0882

Na2SO4 7.102

Na Lactate 6.7214

HEPES 5.9575

Compound
Mass per 

Liter [g]
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Table 7: Composition of LS media vitamin mix (10X) (per liter basis). 

 

 

Table 8: Composition of LS media mineral mix (per liter basis). 

 

*pH adjusted to 6.5 with NaOH 

 

Briefly, all LS components (Table 6) were weighed and mixed into roughly 900 mL of 

Milli-Q water. 1 mL of vitamin mix (Table 7) and 12.5 mL of mineral mix (Table 8) were 

then added to the LS media mixture. The pH of this mixture was then adjusted to 6.8-7.0 

with hydrochloric acid. The volume was then brought up to 1 L by addition of Milli-Q 

water and sterilized by autoclaving (30 minutes at 121˚ C).  No reducing agents were added. 

Biotin 20

Folic acid 20

Pyridoxin HCl 100

Thiamine HCl 50

Riboflavin 50

Nicotinic acid 50

DL-Pamtothinic acid 50

B12 1

p-aminobenzoic acid 50

Lipoic acid 50

Choline chloride 2

Compound
Mass per 

Liter [mg]

*Nitriloacetic acid 12.8

FeCl2*4H20 1

MnCl2*4H20 0.5

CoCl2*6H20 0.3

ZnCl2 0.2

Na2MoO4*2H20 0.050

H3BO3 0.020

Compound
Mass per 

Liter [g]
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Instead, the media was placed into an anaerobic glove box (Vacuum Atmospheres Co. Nex 

Gen) and allowed to degas for 48 hours. The media could then be dispensed into glass 

serum bottles (Wheaton) and stoppered with blue butyl stoppers within the glove box to 

maintain anaerobic conditions. These filled serum bottles were then crimped with 

aluminum crimp caps and autoclaved (30 minutes at 121˚ C) to ensure sterility before use. 

 

-D. alaskensis Growth in the Presence of Biochar 

 To test the effect of biochar/biochar dose on the growth of D. alaskensis, batch 

growth curves were made by inoculating D. alaskensis into LS media containing varying 

doses of biochar. The biochar doses chosen to be tested were 0.5, 1.0, 5.0, and 10.0 g/L. A 

control containing no biochar and an abiotic control containing 5.0 g/L biochar but no cells 

were also included. These batch tests were performed in 100 mL serum bottles (Wheaton). 

First, biochar was weighed out and placed into the serum bottles. These serum bottles were 

then covered with aluminum foil and placed inside a gloves box to degas for a minimum 

of 24 hours. LS media was also prepared and degassed inside a glove box as explained 

above. After at least 24 hours of degassing time, LS media was measured and put into each 

serum bottle. This transfer was performed inside the glove box using a pipette (Easypet 3, 

Eppendorf). The volume taken up by biochar was taken into account when adding LS 

media to the serum bottles (0.5 g of biochar was determined to displace roughly 2.0 mL of 

water). 50 mL was determined to be the total volume of each batch growth sample, 

including a 5% inoculation volume (5 mL) of active log phase growth culture (O.D. 600 of 

0.560). All biochar doses were run in triplicate. Table 9 below shows volumes and weights 

needed for each biochar dose. 
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Table 9: Masses and volumes of components needed for batch growth experiment. 

 

 

 After addition of the LS media to the serum bottles in the glove box, the serum 

bottles were then stoppered with blue butyl stoppers to maintain anaerobic conditions. The 

serum bottles were then taken out of the glove box, crimped, and autoclaved (30 minutes 

at 121˚ C). After autoclaving, the serum bottles were cooled to roughly 25˚ C. Each serum 

bottle was then either inoculated with an actively growing culture of D. alaskensis, or with 

anaerobic, sterile Milli-Q water (abiotic control). All inoculations were performed sterilely 

and anaerobically using a gassing station. These inoculations were then incubated at 30˚ C 

(Thermo Scientific Heratherm Incubator) and sampled for sulfide, sulfate, lactate, acetate, 

and cell number (by real-time polymerase chain reaction (qPCR)) at designated times. 

1-1

1-2

1-2

2-1

2-2

2-3

3-1

3-2

3-3

4-1

4-2

4-3

5-1

5-2

5-3

6-1

6-2

6-3

44.0

5.0

0.25

0.5

0.0

0.25

LS Media 

Added [mL]

45.0

45.0

44.0

43.0

45.0

5.0 50.0

0 (5.0 mL of anoxic 

and sterile Milliq 

water added)

50.0

50.0

5.0

10.0

0.0

5.0

5.0 50.0

5.0 50.0

5.0 50.0

Sample
Biochar 

Dose [g/L]

Cells Added [mL 

of active culture]

Total Volume 

[mL]

0.5

1.0

Biochar 

Added [g]

0.025

0.05
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-D. alaskensis Metal Inhibition Growth 

 To test if biochar is able to relieve metal stress through its sorption abilit ies 

properties, batch growth of D. alaskensis in the presence of either nickel or copper was 

performed in LS media. This experiment closely resembled the first batch growth 

experiment that was explained earlier. First, LS media was made as was explained. The pH 

of this media, however, was adjusted to 6.5 before being autoclaved and placed into an 

anaerobic glove box for degassing. This lower pH was chosen so as to reduce precipitat ion 

of nickel and copper with hydroxide (OH). Next, stock solutions of either nickel or copper 

were made in Milli-Q water. These metal solutions were put in serum bottles (either 50 or 

100 mL volumes depending on the volume of stock solution needed) and degassed in an 

anaerobic chamber for a minimum of 24 hours. Milli-Q water in a 50 mL serum bottle was 

also placed into an anaerobic chamber and degassed for 24 hours. 25 mM HEPES buffer 

solution (pH = 6.5, adjusted with HCl or NaOH) was also made and placed in a 100 mL 

serum bottle and put into the glove box. This solution was used to wash/resuspend the cells 

that were to be inoculated for the growth experiment. 

 Biochar was then weighed out into 50 mL serum bottles so as to have a dose of 1.0 

g/L in a total volume of 50 mL. These biochar containing serum bottles were placed in an 

anaerobic glove box to degas for a minimum of 24 hours. Serum bottles containing no 

biochar were also placed in an anaerobic glove box. These serum bottles were to be used 

as controls to test for growth in metal containing LS media with no biochar, and also for a 

control with just LS media. After degassing, LS media was pipetted into each serum bottle 

in a series. This was performed within the glove box with a pipette (Easy Pet 3). All serum 
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bottles (including the metal solutions, Milli-Q bottle, and HEPES solution) were then 

stoppered within the glove box to ensure anaerobic conditions. These serum bottles were 

then taken out of the glove box and autoclaved (30 minutes at 121˚ C). After autoclaving 

and cooling, metal solution and Milli-Q water was added to each serum bottle as 

appropriate sterilely and anaerobically using a Bunsen burner and gassing station. Table 

10 and Table 11 below shows matrices containing volumes and concentrations of solutions 

added to each triplicate series for both the nickel and copper experiment respectively.  

Realized nickel and copper concentrations can be found in Appendix E: Initia l 

Copper/Nickel Concentrations and Initial pH in Metal Inhibition Growth Studies. 

 

Table 10: Composition of D. alaskensis nickel metal inhibition growth experiment 
samples. 

 

 

 

1-1 0 --- 0.0 5 0.0000 2.5 42.5 50

1-2 0 --- 0.0 5 0.0000 2.5 42.5 50

1-3 0 --- 0.0 5 0.0000 2.5 42.5 50

2-1 20 200 5.0 0 0.0500 2.5 42.5 50

2-2 20 200 5.0 0 0.0500 2.5 42.5 50

2-3 20 200 5.0 0 0.0500 2.5 42.5 50

3-1 60 600 5.0 0 0.0500 2.5 42.5 50

3-2 60 600 5.0 0 0.0500 2.5 42.5 50

3-3 60 600 5.0 0 0.0500 2.5 42.5 50

4-1 120 1200 5.0 0 0.0500 2.5 42.5 50

4-2 120 1200 5.0 0 0.0500 2.5 42.5 50

4-3 120 1200 5.0 0 0.0500 2.5 42.5 50

5-1 20 200 5.0 0 0.0000 2.5 42.5 50

5-2 20 200 5.0 0 0.0000 2.5 42.5 50

5-3 20 200 5.0 0 0.0000 2.5 42.5 50

6-1 60 600 5.0 0 0.0000 2.5 42.5 50

6-2 60 600 5.0 0 0.0000 2.5 42.5 50

6-3 60 600 5.0 0 0.0000 2.5 42.5 50

7-1 120 1200 5.0 0 0.0000 2.5 42.5 50

7-2 120 1200 5.0 0 0.0000 2.5 42.5 50

7-3 120 1200 5.0 0 0.0000 2.5 42.5 50

8-1 60 600 5.0 2.5 0.0500 0 42.5 50

8-2 60 600 5.0 2.5 0.0500 0 42.5 50

8-3 60 600 5.0 2.5 0.0500 0 42.5 50

Sample
LS Media 

Added [mL]

Inoculation Solution 

Added [mL]

Sample Nickel 

Conc. [mg/L]

Conc. Of Nickel 

Solution [mg/L]

Nickel Solution 

Added [mL]

Milli Q 

Added [mL]

Mass 

Biochar [g]

Final Vol. 

[mL]
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Table 11: Composition of D. alaskensis copper metal inhibition growth experiment 
samples.  

 

Notes: The samples marked with a * represent another copper metal inhibition growth 
experiment that took place after the first one. A control series exactly the same as the 1-x 

series was also included for the second set of experiments. 
 
 

 
 To create the inoculation solution containing D. alaskensis, 65 mL of D. alaskensis 

culture was grown for approximately 96 hours in LS media (pH = 6.5) at 30 degrees C 

(resultant optical density at 600 nm (O.D. 600) of 0.350).  After 96 hours, this culture was 

spun down in sterile falcon tubes (Corning) at 5000 rpm for 7.5 minutes (Eppendorf 

Centrifuge 5430R). The culture was first placed in a -15˚ C freezer (Kenmore) for 10 

1-1 0.0 --- 0.0 5 0.0000 2.5 42.5 50

1-2 0.0 --- 0.0 5 0.0000 2.5 42.5 50

1-3 0.0 --- 0.0 5 0.0000 2.5 42.5 50

2-1 0.5 5 5.0 0 0.0500 2.5 42.5 50

2-2 0.5 5 5.0 0 0.0500 2.5 42.5 50

2-3 0.5 5 5.0 0 0.0500 2.5 42.5 50

3-1 2.5 25 5.0 0 0.0500 2.5 42.5 50

3-2 2.5 25 5.0 0 0.0500 2.5 42.5 50

3-3 2.5 25 5.0 0 0.0500 2.5 42.5 50

4-1 5.0 50 5.0 0 0.0500 2.5 42.5 50

4-2 5.0 50 5.0 0 0.0500 2.5 42.5 50

4-3 5.0 50 5.0 0 0.0500 2.5 42.5 50

5-1 0.5 5 5.0 0 0.0000 2.5 42.5 50

5-2 0.5 5 5.0 0 0.0000 2.5 42.5 50

5-3 0.5 5 5.0 0 0.0000 2.5 42.5 50

6-1 2.5 25 5.0 0 0.0000 2.5 42.5 50

6-2 2.5 25 5.0 0 0.0000 2.5 42.5 50

6-3 2.5 25 5.0 0 0.0000 2.5 42.5 50

7-1 5.0 50 5.0 0 0.0000 2.5 42.5 50

7-2 5.0 50 5.0 0 0.0000 2.5 42.5 50

7-3 5.0 50 5.0 0 0.0000 2.5 42.5 50

8-1 2.5 25 5.0 2.5 0.0500 0 42.5 50

8-2 2.5 25 5.0 2.5 0.0500 0 42.5 50

8-3 2.5 25 5.0 2.5 0.0500 0 42.5 50

9-1* 1.0 10 5.0 0 0.0500 2.5 42.5 50

9-2* 1.0 10 5.0 0 0.0500 2.5 42.5 50

9-3* 1.0 10 5.0 0 0.0500 2.5 42.5 50

10-1* 1.0 10 5.0 0 0.0000 2.5 42.5 50

10-2* 1.0 10 5.0 0 0.0000 2.5 42.5 50

10-3* 1.0 10 5.0 0 0.0000 2.5 42.5 50

Sample
LS Media 

Added [mL]

Inoculation Solution 

Added [mL]

Sample Copper 

Conc. [mg/L]

Conc. Of Copper 

Solution [mg/L]

Copper 

Solution Added 

Milli Q 

Added [mL]

Mass 

Biochar [g]

Final Vol. 

[mL]
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minutes before being spun down to reduce microbial activity. After spinning down, excess 

solution was poured out so that only the cell pellet remained. This cell pellet was then 

resuspended in 65 mL of the 25 mM sterile and anaerobic HEPES buffer solution (pH = 

6.5). After resuspension, the inoculation solution was then placed back into the HEPES 

buffer serum bottle and degassed with nitrogen. The liquid part was degassed for 15 

minutes, and the headspace for 5 minutes. This was performed using a gassing station. A 

sterile 0.2 µm syringe filter (Pall Corporation: Acrodisc syringe filter) was attached to the 

degassing line to ensure sterile nitrogen during degassing. The serum bottle was then 

stoppered and capped. All work was performed next to a Bunsen burner (Eisco Bunsen 

burner) to ensure sterile working conditions. Cells were then inoculated into the serum 

bottles anaerobically using a gassing station. These inoculations were then incubated at 30 

degrees C. Samples were then taken at set time points for sulfate concentration and cell 

number (by qPCR analysis). All treatments were performed in triplicate. 

 

-D. alaskensis Cell Suspension in the Presence of Biochar 

 To measure the effect biochar has on D. alaskensis metabolic activity, resting cell 

suspensions containing varying doses of biochar were made. The biochar doses chosen to 

be tested were 0.5, 1.0, 5.0, and 10.0 g/L. A control containing no biochar and abiotic 

controls containing the chosen biochar doses were also included. These batch tests were 

performed in 50 mL serum bottles. First, biochar was weighed out and placed into the 

serum bottles. These serum bottles were then covered with aluminum foil and placed inside 

a gloves box to degas for a minimum of 24 hours. 
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 Next, 1 M sodium sulfate and 1 M sodium lactate solution were made in Milli-Q 

water and placed in 100 mL serum bottles. A 30 mM HEPES buffer solution was next 

made in Milli-Q water and placed in a beaker. These three solutions were then degassed in 

an anaerobic glove box for a minimum of 24 hours. Following degassing, the appropriate 

amount of HEPES buffer was added to each serum bottle anaerobically within the glove 

box using a pipette (Easypet 3). The serum bottles, 1 M sulfate solution, and 1 M lactate 

solution, were then stoppered, taken out of the anaerobic glove box, crimped, and sterilized 

by autoclaving on a liquid 30 cycle. The amounts of sulfate, lactate, and HEPES solution 

added to each serum bottle can be seen in Table 12 below. The sulfate and lactate solutions 

were added to the biochar/HEPES buffer serum bottles post autoclaving to ensure no 

chemical interactions between the biochar and sulfate/lactate during the heat cycle. After 

the solutions were cooled to room temperature following autoclaving, sulfate and lactate 

solutions were added to the serum bottles, sterilely and anaerobically using a gassing 

station, to obtain 30 mM sulfate and 50 mM lactate final concentrations in the serum 

bottles. 
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Table 12: Composition of D. alaskensis cell suspension. BC stands for biochar. 

 

 

 To create the cell suspension, 2 L of D. alaskensis cells were grown in LS media 

for approximately 72 hours. Next, the cultures O.D. 600 was taken so as to be able to relate 

the OD 600 to cell number (based off of former cell counts). The D. alaskensis culture was 

then spun down and resuspended in 30 mM HEPES (pH = 7.0). The resuspension volume 

was chosen so as to result in a concentration of 2x1010 cells per mL, based off of the origina l 

calculated cell number from the OD 600. The cell concentration of 2x1010 cells per mL 

ensured that when the serum bottles were inoculated, 2x109 cells would be added to each 

serum bottle. The resuspended inoculation solution was then placed in a serum bottle and 

degassed as described before. Cells were then inoculated into the serum bottles 

Composition of Serum 

Bottles

Biochar 

Added [g]

Bottle 

Number

Cells 

Added [mL]

30 mM HEPES 

Added [mL]

1M Sulfate (30 

mM Final) Added 

[mL]

1M Lactate (50 

mM Final) 

Added [mL]

0.0125 1-1 2.5 20.5 0.75 1.25

0.0125 1-2 2.5 20.5 0.75 1.25

0.0125 1-3 2.5 20.5 0.75 1.25

0.0250 2-1 2.5 20.5 0.75 1.25

0.0250 2-2 2.5 20.5 0.75 1.25

0.0250 2-3 2.5 20.5 0.75 1.25

0.1250 3-1 2.5 20.5 0.75 1.25

0.1250 3-2 2.5 20.5 0.75 1.25

0.1250 3-3 2.5 20.5 0.75 1.25

0.2500 4-1 2.5 20.5 0.75 1.25

0.2500 4-2 2.5 20.5 0.75 1.25

0.2500 4-3 2.5 20.5 0.75 1.25

0.0000 5-1 2.5 20.5 0.75 1.25

0.0000 5-2 2.5 20.5 0.75 1.25

0.0000 5-3 2.5 20.5 0.75 1.25

0.0125 6-1 0.0 23 0.75 1.25

0.0125 6-2 0.0 23 0.75 1.25

0.0125 6-3 0.0 23 0.75 1.25

0.0250 7-1 0.0 23 0.75 1.25

0.0250 7-2 0.0 23 0.75 1.25

0.0250 7-3 0.0 23 0.75 1.25

0.1250 8-1 0.0 23 0.75 1.25

0.1250 8-2 0.0 23 0.75 1.25

0.1250 8-3 0.0 23 0.75 1.25

0.2500 9-1 0.0 23 0.75 1.25

0.2500 9-2 0.0 23 0.75 1.25

0.2500 9-3 0.0 23 0.75 1.25

1 g/L BC + 30 mM Sulfate + 

50 mM Lactate (ABIOTIC)

5 g/L BC + 30 mM Sulfate + 

50 mM Lactate (ABIOTIC)

10 g/L BC + 30 mM Sulfate 

+ 50 mM Lactate 

(ABIOTIC)

0.5 g/L BC + Cells + 30 mM 

Sulfate + 50 mM Lactate

1 g/L BC + Cells + 30 mM 

Sulfate + 50 mM Lactate

5 g/L BC + Cells + 30 mM 

Sulfate + 50 mM Lactate

10 g/L BC + Cells + 30 mM 

Sulfate + 50 mM Lactate

Cells + 30 mM Sulfate + 50 

mM Lactate

0.5 g/L BC + 30 mM Sulfate 

+ 50 mM Lactate 

(ABIOTIC)
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anaerobically and sterilely using a gassing station. Sulfate and sulfide were then sampled 

at set time points for 72 hours. 

 

-Specific Growth Rate (SGR) Analysis 

SGR was determined by plotting the log of the cell number during exponentia l 

growth (0 – 48 hours) to obtain a linear line for the batch growth experiment. The slope of 

this linear line was then multiplied by 2.303 to get SGR (hr-1). For the copper inhibit ion 

SGR, SGR was calculated from when the culture showed growth (based on visual 

observation) to when sulfate reduction was found to have stopped (based on sulfate data). 

 

Analytics 

-Sulfide Measurements 

 Sulfide was measured using the method described by Cord-Ruwisch (Cordruwisch, 

1985). This is a spectrometric method that relies on colloidal precipitation of sulfide with 

copper. Briefly, a copper reagent solution consisting of 50 mM HCl and 5 mM CuSO4 

(copper sulfate) was made in Milli-Q water. This solution was then aliquoted out in 0.975 

mL volumes into 1.5 mL centrifuge tubes (Eppendorf). Next, a solution of sodium sulfide 

was made by dissolving Na2S*9H20 (sodium sulfide nonahydrate) anoxically into a 

graduated cylinder containing Milli-Q water. By weighing the graduated cylinder before 

and after the addition of the sodium sulfide nonahydrate, the concentration of sulfide in 

solution could be determined. This solution was then serially diluted in 1.5 mL centrifuge 

tubes so as to be able to develop a standard curve. The concentrations of sulfide used for 

the generation of the standard curve were 20 mM, 10 mM, 5.0 mM, 2.5 mM, and 1.25 mM.  
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 Before significant degassing of the standard curve solutions occurred, 0.25 mL of 

standard curve solution was pipetted into a 1.5 mL centrifuge tube containing the copper 

reagent solution. This mixture was then vigorously shaken by hand for 20 s, poured into a 

1.5 mL cuvette, and the absorbance at 480 nm measured on a spectrophotometry 

(Spectronic 20 Genesys, Spectronic Instruments). This same method was then repeated for 

each different standard curve solution. A linear plot of the absorbance versus concentration 

could then be made and used to correlate absorbance to sulfide concentration in samples. 

Milli-Q water served as the blank for all sulfide measuring. It should be noted that samples 

containing either nickel or copper were not analyzed for sulfide due to interference from 

additional heavy metal in solution. Furthermore, samples containing heavy metals 

experienced metal-sulfide precipitation, and thus, total sulfide produced could not be 

determined using the Cord-Ruwisch method. 

 

-Sulfate Measurements 

 Sulfate was measured using ion chromatography (IC) (Metrohm). A 10 mM 

standard stock solution of sodium sulfate was made and diluted in Milli-Q water to create 

standard solutions. The standard solutions had concentrations of 1.0, 0.8, 0.6, 0.4, 0.2, and 

0.002 mM. These standard solutions were created fresh before every IC run. Eluent was 

comprised of 1.0 mM NaHCO3 and 3.2 mM Na2CO3 with a flow rate of 0.7 mL/min. 

Regenerant used was comprised of 0.5 mM H2SO4 and injected with an 800 Dosino. 

(Metrohm). Injection volume for samples was 20 μL. Samples run were diluted either 1:50 

or 1:100, depending on the possible amount of sulfate in each sample. 

 



29 
 

-Lactate/Acetate Measurements  

Lactate and acetate were monitored using a Shimadzu HPLC equipped with a Bio-

Rad HP-Aminex column, using 0.2 µm filtered 7.5 mM H2SO4 as the mobile phase 

(Shimadzu Scientific Equipment). Samples were injected in volumes of 50 μL. The mobile 

phase was set at a constant flow of 0.8 mL/min, and the column oven was set to 46 degrees 

C. Organic acids were analyzed with a Shimadzu SPD-10A UV-VIS detector set at 210 nm 

(Shimadzu Scientific Equipment). 

 

-Real-time polymerase chain reaction (qPCR) 

Quantification of gene number for the dsrA gene was monitored using a Bio Rad 

CFX Connect Real-Time System. Table 13 below depicts the forward and reverse primers 

used. 

 

Table 13: Forward and reverse primers used. 

Name Sequence (5’-3’) Dega Target 
gene 

Positionb PCR 
product 

Reference 

     size 

[bp] 

 

DSR1F

+ 

ACSCACTGGAA

GCACGGCGG 

2 dsrA 187-206 221 (Kondo, 

Nedwell, 
Purdy, & 
Silva, 

2004) 
DSR-R GTGGMRCCGT

GCAKRTTGG 

16 dsrA 389-407 (Kondo et 

al., 2004) 

aDegeneracy is given as the number of oligonucleotides that comprise the primer. 
bPosition is relative to Desulfovibrio vulgaris Hildenborough dsrAB gene. 
 

 
The sequence for the gBlocks used to make the standard curves for dsrAB gene 

quantification can be seen below. 
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Sequence (5’-3’) 
CTGGCCCAGCTTCGTGTCCGACATCAAGCAGGAGGCTGCGTACCGGGCGGCCAACCCGA

AGGGGCTGGACTACCAGGTACCCGTCGACTGTCCGGAAGACCTGCTCGGCGTTCTCGAG

CTGTCCTACGATGAGGGTGAAACCCACTGGAAGCACGGCGGCATCGTCGGCGTGTTCGG

TTACGGCGGCGGCGTCATCGGCCGTTACTGTGACCAGCCCGAAAAGTTCCCCGGCGTGG

CGCACTTCCATACCGTGCGCGTGGCCCAGCCTTCCGGCAAGTACTACTCTGCCGACTAC

CTGCGCCAGCTGTGCGACATCTGGGACCTGCGCGGTTCCGGTCTGACCAACATGCACGG

CTCCACGGGTGACATCGTTCTCCTCGGCACGCAGACCCCCCAGCTCGAAGAAATCTTCT

TCGAACTGACCCACAACCTGAACACCGACCTTGGTGGTTCCGGTTCGAACCTGCGTACC

CCTGAATCGTGCCTCGGCAAGTCGCGTT 

 

The gBlock sequence is adapted from the dsrAB gene of Desulfovibrio vulgaris 

Hildenborough, with a size of 500 base pairs and a position of 48-547 relative to the 

Desulfovibrio vulgaris Hildenborough dsrAB gene. Table 14 below depicts the qPCR 

reaction setup used, while Figure 2 depicts the thermocycler protocol. 

 

Table 14: qPCR reaction setup. 

Component Volume per 20 µl 
Reaction 

Final 
Concentration 

iTaqTM Universal SYBR® Green 
Supermix (2x) 

10 µl 1x 

DSR1F+ (10 µM) 0.6 µl  
0.6 µl  

300 nM 

DSR-R (10 µM) 300 nM 
DNA template 1 µl  

Bovine Serum Albumin (10 µg/µl) 1 µl 0.5 µg/µl 

H2O 6 µl - 
Total reaction mix volume 20 µl - 

iTaqTM Universal SYBR® Green Supermix (Bio-Rad, Catalog#: 172-5121) 
Bovine Serum Albumin (Roche, Catalog#: 10711454001) 
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Figure 2: qPCR thermocycler protocol. 

 

-Metal Analysis 

 The same metal analysis as was described above in the sorption study was also used 

for the metal inhibition growth studies. 

 

-Sampling 

 All sampling was performed sterilely and anoxically using a Bunsen burner and 

gassing station containing ultra-high purity nitrogen gas. Sampling was performed with 

either a 5, 3, or 1 mL sterile syringe (BD Syringe) and a 25G sterile needle (BD 

PrecisionGlide Needle). When a sample was to be taken for metal analysis, a 5 mL syringe 

was used. When a sample for qPCR, sulfate/lactate/acetate, and sulfide was to be taken, a 

3 mL syringe was used. When a sample for only sulfide was to be taken, a 1 mL syringe 

was used. Briefly, to take a sample, the syringe and needle were first degassed using UHP 

nitrogen. The blue butyl stopper of the serum bottle to be sampled from was flamed using 

200 proof reagent alcohol. A sample could then be withdrawn from the serum bottle using 

the sterile and degassed syringe and needle. The same volume of nitrogen was put into the 
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serum bottle as liquid sample being taken out to ensure consistent pressure. All work was 

performed next to a Bunsen burner to ensure sterile conditions. 

 Next, if necessary, 1 mL of liquid sample was put into a sterile RNase/DNase free 

1.5 mL centrifuge tube (USA Scientific) for qPCR analysis. The needle was then taken off 

the syringe and a 0.2 µm PTFE syringe filter (Millipore Millex-FG) was put on. If metal 

analysis was to be performed, roughly 2 mL of solution was then filtered into a 15 mL 

falcon tube (Corning CentriStar), and the remanence filtered into a 1.5 mL centrifuge tube 

(USA Scientific). If no metal analysis was needed, roughly 1.4 mL of liquid was filtered 

into a 1.5 mL centrifuge tube. The filtered sample contained in the 1.5 mL centrifuge tube 

was then used for sulfide, sulfate, and lactate/acetate analysis. 0.25 mL of the filtered 

sample was used to perform the sulfide analysis method as described earlier. 1 mL of the 

remaining solution was then pipetted into a 15 mL falcon tube containing 9 mL of Milli-Q 

water so as to dilute the sample 1:10 for sulfate and/or lactate and acetate analysis. These 

sulfate/lactate/acetate samples were degassed for 5 min by vigorous bubbling of UHP 

nitrogen into the sample before storage. This was done to ensure no sulfide was left in the 

samples. All samples were stored at -20 degrees C. Roughly, 5 mL of sample was needed 

for all analyses to be performed, 3 mL for all analyses minus metal analysis, and 1 mL for 

only sulfide analysis. 

 

-Statistics 

 Single factor Analysis of variance (ANOVA) statistics tests were performed in 

Excel. (Microsoft). Furthermore, paired t-tests were also performed in Excel as needed 

following ANOVA results. These tests were used to determine if any statistica l ly 
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significant differences in growth rates or total cell yield existed in the batch growth and 

copper inhibition growth experiments. Total cell yield was defined to be the maximum 

number of cells obtained during a growth experiment. 
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Results 

-Metal Sorption onto Tested Biochars 

 Overall, both MgCl2 and MgOH2 modified biochars were found to significantly 

increase copper sorption as compared to the unmodified biochar. The copper sorption 

isotherms for the tested biochars can be seen in Figure 3 and Figure 4 below. The peculiar 

upward trending MgCl2 biochar copper sorption isotherm should be noted. It was noticed 

during testing that the MgCl2 copper itself had residual copper on it, which can also be seen 

in Table 1. This is most likely due to residual copper left on the biochar during the process 

of producing/pyrolyzing this modified biochar. This residual copper was released from the 

biochar during the sorption process, masking the true sorption capacity of the biochar at 

decreasing copper concentrations, and thus, leading to the upward trending fit line. 
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Figure 3: Sorption isotherms for copper onto tested biochars. Fitted lines represent best fit 
lines based on Langmuir fitting. The standard deviation between the triplicate samples is 

shown in the error bars. 
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Figure 4: Sorption isotherms for copper onto tested biochars. Fitted lines represent best fit 
lines based on Freundlich fitting. The standard deviation between the triplicate samples is 

shown in the error bars. 
 

 

 Table 15 below shows the results of fitting both the Langmuir and Freundlich 

models to the isotherms. Overall, based on Langmuir fitting, the unmodified and MgOH2 

modified biochars were found to have sorption capacities of 6.6 and 210 mg/L, 

respectively. This is roughly a 30-fold increase in copper sorption capacity for the MgOH2 

modified biochar as compared to the unmodified biochar. The MgCl2 Langmuir results 

were not able to be fit due to the upward trending isotherm of the MgCl2 biochar. Both the 

Langmuir and the Freundlich fitting resulted in very similar R2 values for all biochars. 
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Table 15: Copper isotherm fitting results using Langmuir and Freundlich models. 

 

 

 Nickel sorption isotherms for the tested biochars can be seen in Figure 5 and Figure 

6 below. As observed with the copper sorption isotherms, the modified biochars sorbed 

more nickel than the unmodified biochar, with MgOH2 possessing the greatest sorption 

capacity. The MgOH2 sorption isotherm, like the MgCl2 copper sorption isotherm, could 

not be fitted using the Langmuir model. This is due to the upward trend in the sorption 

data. This is most likely due to the high degree of uncertainty between triplicate samples. 

Langmuir Q max [mg/g] R2 Value

Swiss 6.56 0.77

MgCl2 N.A. N.A.

Mg(OH)2 213 0.70

Freundlich

Swiss --- 0.76

MgCl2 --- 0.84

Mg(OH)2 --- 0.70

Copper Sortion (pH = 4.0)
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Figure 5: Sorption isotherms for nickel onto tested biochars. Fitted lines represent best fit 
lines based on Langmuir fitting. The standard deviation between the triplicate samples is 

shown in the error bars. 
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Figure 6: Sorption isotherms for nickel onto tested biochars. Fitted lines represent best fit 
lines based on Freundlich fitting. The standard deviation between the triplicate samples is 

shown in the error bars. 
 

 

 Table 16 below shows the results of fitting the nickel sorption isotherms to both the 

Langmuir and Freundlich models. Overall, the MgCl2 modified biochar had a nickel 

sorption capacity of 16.1 mg/g, a 16-fold increase in sorption capacity as compared to the 

unmodified biochar. The MgOH2 biochar could not be fitted to the Langmuir model, but 

visual inspection of Figure 5 clearly shows it had the greatest nickel sorption capacity. 

 

 

 

 

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50 60 70 80

S
o

rp
ti

o
n

 C
a

p
a

c
it

y
 (

Q
) 

[m
g

/g
]

Ni Conc. [mg/L]

Mg(OH)2-

enhanced

biochar
MgCl2

Unmodified

control biochar

Mg(OH)2 

biochar 

MgCl2 biochar 

Control biochar 



40 
 

Table 16: Nickel isotherm fitting results using Langmuir and Freundlich models. 

 

 

-D. alaskensis Growth in Presence of Biochar 

 The sulfate concentrations at different times during the D. alaskensis growth curve 

experiment in the presence of varying doses of biochar can be seen in Figure 7 below. 

Visual examination of Figure 7 shows that biochar had no effect on sulfate reduction rates 

during D. alaskensis growth.  

 

Langmuir Q max [mg/g] R2 Value

Swiss 1.05 0.038

MgCl2 16.1 0.82

Mg(OH)2 N.A. N.A.

Freundlich

Swiss --- 0.006

MgCl2 --- 0.75

Mg(OH)2 --- 0.80

Nickel Sorption (pH = 4.0)
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Figure 7: Sulfate concentration versus time for the D. alaskensis growth curve experiment 
in the presence of varying doses of biochar. The control series did not contain any biochar. 

0.5 g/L B series represent the biotic data for the samples containing a dose of 0.5 g/L of 
biochar. All other series are labeled likewise. Error bars represent the standard deviation 

between triplicate samples. 
 
 

Furthermore, sulfide concentration versus time is shown in Figure 8 below. When 

comparing Figure 7 to Figure 8, it can be seen that all sulfate that is reduced is completely 

reduced to sulfide. This is as expected since D. alaskensis is a complete sulfate reducer 

(capable of completely reducing sulfate to sulfide). 
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Figure 8: Sulfide concentration versus time for the D. alaskensis growth curve experiment 
in the presence of varying doses of biochar. Error bars represent the standard deviation 

between triplicate samples. 
 

 

 The complete qPCR results depicting D. alaskensis cells per milliliter combined 

with the sulfate concentration data can be seen in Figure 9 below. From this figure, it can 

be seen that the observed sulfate reduction corresponded with cell growth. 
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Figure 9: Complete qPCR data for D. alaskensis growth in the presence of biochar 
combined with sulfate concentration data. Control series contained no biochar. 0.5 g/L 

represents a dose of 0.5 g/L of biochar. Error bars represent the standard deviation between 
triplicate samples. 
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treatment to the control. As can be seen in this table, the 0.5 and 5.0 g/L treatments resulted 

in a lower cell yield than the control. 

 

Table 17: Specific growth rate (SGR [1/hr]) results for each series and individual samples 

within a series. 

 

 

Table 18: Total cell yield paired t-test results. 

 

 

 Figure 10 and Figure 11 below depict lactate consumption and acetate production, 

respectively, throughout the course of the whole experiment. These figures show a one to 

one relationship between lactate consumption to acetate production, as would be expected 

based on D. alaskensis metabolism. No difference between each series for either the lactate 

or acetate graph can be noticed. This agrees with the specific growth rate data in which no 

differences can be perceived. Furthermore, from the sulfate data in Figure 7, it can be seen 

that about 30 mM of sulfate is reduced to sulfide during the course of the experiment. To 

1 (0.5 g/L) 2 (1.0 g/L) 3 (5.0 g/L) 4 (10.0 g/L) 5 (Control)

SGR-1 0.0633 0.0592 0.0822 0.0836 0.0668

SGR-2 0.0608 0.0896 0.0702 0.1025 0.0652

SGR-3 0.0795 0.0737 0.0647 0.0831 0.1207

Average SGR 0.0679 0.0742 0.0724 0.0897 0.0842

Standard Deviation 0.0102 0.0152 0.0089 0.0111 0.0316

Triplicate Sample
SGR for Triplicate Sample

1 (0.5 g/L) 2 (1.0 g/L) 3 (5.0 g/L) 4 (10.0 g/L) 5 (Control)

SGR-1 4.75E+08 5.51E+08 3.80E+08 5.93E+08 5.55E+08

SGR-2 4.48E+08 5.44E+08 3.67E+08 5.23E+08 5.85E+08

SGR-3 4.51E+08 4.24E+08 3.30E+08 5.17E+08 5.54E+08

Average 4.58E+08 5.06E+08 3.59E+08 5.44E+08 5.65E+08

Standard Deviation 1.48E+07 7.17E+07 2.59E+07 4.20E+07 1.77E+07

Triplicate Sample
Total Cell Yield [cells/mL]

Paired T-Test P-Value 

(Compared to Control)
0.023 0.26 0.0055 0.57 ---
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reduce one molecule of sulfate to sulfide, 8 electrons are needed. The oxidation of one 

molecule of lactate to acetate releases 4 electrons. Thus, 2 moles of lactate are needed to 

reduce one mole of sulfate to sulfide. With 30 mM of sulfate being reduced to sulfide 

throughout the course of the experiment, 60 mM of lactate being consumed throughout 

agrees stoichiometrically with the sulfate results. 

 

 

Figure 10: Lactate consumption for each series during the course of the whole experiment. 
Error bars represent standard deviation between triplicate samples within a series. 
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Figure 11: Acetate production for each series during the course of the whole experiment. 
Error bars represent standard deviation between triplicate samples within a series. 

 
 

-D. alaskensis Metal Inhibition Growth  

 The sulfate concentrations at different times during the D. alaskensis growth 

experiment in the presence of varying copper concentrations and 1.0 g/L biochar can be 

seen in Figure 12-14. Not all copper growth series were plotted on the same graph. This 

was done for ease of examination. Furthermore, the 1.0 mg/L copper experiment is plotted 

on its own graph. This is due to the fact that the 1.0 mg/L copper test was performed after 

the initial copper tests, and thus, a new control series had to be included. As can be seen in 

the below mentioned figures, copper concentrations over 2.5 mg/L resulted in the complete 

inhibition of sulfate reduction over the course of the experiment, regardless of if biochar 

was present. However, by visual inspection of Figure 12, the addition of 1.0 g/L of biochar 

appeared to reduce copper inhibition at 0.5 mg/L. Figure 14, however, depicts that once 

the copper concentration reached 1.0 mg/L, the addition of 1.0 g/L of biochar did not 

mitigate copper inhibition. 
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Figure 12: Sulfate concentration versus time for the copper inhibition D. alaskensis growth 
experiment in the presence of 1.0 g/L biochar and 0.5 mg/L copper. 0.5 Cu represents 0.5 

mg/L copper concentration. Series that contained biochar are represented with a B. Error 
bars represent the standard deviation between triplicate samples. 
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Figure 13: Sulfate concentration versus time for the copper inhibition D. alaskensis growth 
experiment in the presence of 1.0 g/L biochar. 2.5 Cu represents 2.5 mg/L copper 

concentration. Series that contained biochar are represented with a B. Error bars represent 
the standard deviation between triplicate samples. 

 
 

The 1.0 mg/L copper growth experiment data does not present a clear trend like the 0.5 

mg/L copper growth curve did (see Figure 14). This was due to the fact that all triplica tes 

in the 1.0 mg/L copper experiment series did not initiate growth after the same lag time. 

Thus, sulfate error bars are large and the sulfate reduction curves do not show a clean 

decrease. An abiotic control composed of 1.0 g/L biochar, 2.5 mg/L copper, and no cells  

was also included. No sulfate reduction was seen in this abiotic control (Figure 35 in 

Appendix D: Abiotic Copper Metal Inhibition Control). 
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Figure 14: Sulfate concentration versus time for the 1.0 mg/L copper inhibition experiment 
with D. alaskensis. 1.0 Cu represents 1.0 mg/L copper concentration. Series that contained 

biochar are represented with a B. Error bars represent the standard deviation between 
triplicate samples. 

 
 

 The complete qPCR results depicting D. alaskensis cells per milliliter combined 

with the sulfate concentration data can be seen in Figure 15 and Figure 16 below. From 

these figures, it can be seen that sulfate reduction corresponds with cell growth. 
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Figure 15: Complete 0.5 mg/L copper inhibited qPCR data for D. alaskensis growth 
combined with sulfate concentration data. 0.5 Cu represents 0.5 mg/L copper 

concentration. Series that contained biochar are represented with a B. Error bars represent 
the standard deviation between triplicate samples. 
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Figure 16: Complete 1.0 mg/L copper inhibited qPCR data for D. alaskensis growth 
combined with sulfate concentration data. 1.0 Cu represents 1.0 mg/L copper 

concentration. Series that contained biochar are represented with a B. Error bars represent 
the standard deviation between triplicate samples. 

 
 

Table 19 and Table 20 below shows the complete results for the specific growth rate (SGR) 

from each treatment. SGR was determined by plotting the log of the cell number during 

exponential growth to obtain a linear line. These plots can be seen in Appendix C: D. 

alaskensis Log Growth Figures.  Statistical ANOVA analysis for each SGR series leads to 

the conclusion that there is no statistically significant difference in SGR between any of 

the treatments [p-values of 0.20 and 0.097 for the 0.5 and 1.0 mg/L copper experiments, 

respectively]. 
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Table 19: Specific growth rate (SGR [1/hr]) results for each series and individual samples 
within a series. This table represents the 0.5 mg/L copper inhibition experiment. 

 

 

Table 20: Specific growth rate (SGR [1/hr]) results for each series and individual samples 
within a series. This table represents the 1.0 mg/L copper inhibition experiment. 

 

 

 Total cell yields from each copper inhibition experiment can be seen in Table 21 

andTable 22 below. The ANOVA statistical results from the 0.5 and 1.0 mg/L copper 

experiments resulted in p-values of 0.42 and 0.0048, respectively. Thus, only the 1.0 

mg/L copper experiment showed any statistically significant difference in total cell yield. 

The results of the paired t-test for the 1.0 mg/L copper experiment can also be seen in 

Table 22. These results show that the control and the biochar treatment resulted in a 

statistically insignificant difference in cell number, while the control and the treatment 

without biochar resulted in a statistically significant difference in cell number [p-values 

of 0.13 and 0.046, respectively]. Furthermore, a paired t-test between the biochar 

treatment and the one without biochar also resulted in statically significant results [p-

Control 0.5 Cu Biochar 0.5 Cu

SGR-1 0.124 0.104 0.103

SGR-2 0.129 0.138 0.066

SGR-3 0.082 0.138 0.100

Average SGR 0.112 0.127 0.090

St. Deviation 0.0259 0.0195 0.0206

Triplicate 

Sample

Specific Growth Rate (SGR)

Control 1.0 Cu Biochar 1.0 Cu

SGR-1 0.088 0.007 0.011

SGR-2 0.081 0.099 0.026

SGR-3 0.074 0.008 0.004

Average SGR 0.081 0.038 0.014

St. Deviation 0.0069 0.0527 0.0111

Triplicate 

Sample

Specific Growth Rate (SGR)



53 
 

value of 0.031]. Thus, it appears that the 1.0 mg/L copper treatment without biochar lead 

to a lower total cell yield than the one with biochar. 

 

Table 21:  Total cell yield for 0.5 mg/L copper inhibition experiment. 

 

 

Table 22: Total cell yield and paired t-test results for 1.0 mg/L copper inhibit ion 
experiment. 

 

 

Sulfate levels measured during the nickel toxicity experiment were very erratic. 

This is most likely due to complications due to the presence of nickel during ion 

chromatography. Due to the erratic sulfate measurements, nickel toxicity data is not 

included in this section. Instead, it can be found in Appendix F: Nickel Inhibition of D. 

alaskensis Growth Sulfate Measurements. Furthermore, a follow-up nickel inhibition study 

could not be conducted due to IC trouble at the Research Analytical Laboratory. 

Control 0.5 Cu Biochar 0.5 Cu

SGR-1 6.00E+08 1.60E+09 8.73E+08

SGR-2 1.95E+09 7.14E+08 8.63E+08

SGR-3 1.39E+09 1.06E+09 5.79E+08

Average 1.31E+09 1.12E+09 7.71E+08

Standard Deviation 6.80.E+08 4.44.E+08 1.67.E+08

Triplicate Sample
Total Cell Yield [cells/mL]

Control 1.0 Cu Biochar 1.0 Cu

SGR-1 1.69E+09 1.30E+09 7.27E+08

SGR-2 1.71E+09 1.07E+09 7.03E+08

SGR-3 1.21E+09 1.09E+09 7.58E+08

Average 1.54E+09 1.15E+09 7.29E+08

Standard Deviation 2.85E+08 1.30E+08 2.77E+07

Triplicate Sample
Total Cell Yield [cells/mL]

Paired T-Test P-Value 

(Compared to Control)
--- 0.13 0.046
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- D. alaskensis Cell Suspension in the Presence of Biochar 

 During a resting cell suspension, no growth of the cells takes place. It is purely a 

measure of metabolic activity of the microbes in the suspension. The sulfate concentration 

versus time for different doses of biochar can be seen in Figure 17 and 18 below. As can 

be seen in Figure 18, no sulfate/biochar interaction happened in the abiotic controls. 

However, in the biotic data in Figure 17, it can be seen that, regardless of the biochar dose, 

biochar increased sulfate reduction rates to the same extent as compared to the control with 

no biochar. 

 

 

Figure 17: Sulfate concentration versus time for the D. alaskensis resting cell suspension 

experiment in the presence of varying doses of biochar. The control series did not contain 
any biochar. 0.5 g/L B series represent the biotic data for the samples containing a dose of 
0.5 g/L of biochar. All other series are labeled likewise. Error bars represent the standard 

deviation between triplicate samples. 

0

5

10

15

20

25

30

0 10 20 30 40 50

S
u

lf
a

te
 C

o
n

c
. 
[m

M
]

Time [hrs]

Control

0.5 g/L B

1.0 g/L B

5.0 g/L B

10.0 g/L B



55 
 

 

 

Figure 18: Sulfate concentration versus time for the D. alaskensis resting cell suspension 
experiment in the presence of varying doses of biochar. This graph shows the abiotic data 

(no D. alaskensis added). Error bars represent the standard deviation between triplicate 
samples. 
 

 

Furthermore, the biotic and abiotic sulfide data in Figure 19 and Figure 20 agree with the 

above sulfate data. Both sulfate and sulfide graphs show a roughly one to one 

correspondence as would be expected metabolically. 
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Figure 19: Sulfide concentration versus time for the D. alaskensis resting cell suspension 
experiment in the presence of varying doses of biochar. Error bars represent the standard 

deviation between triplicate samples. 
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Figure 20: Sulfide concentration versus time for the D. alaskensis resting cell suspension 
experiment in the presence of varying doses of biochar. This graph shows the abiotic data 

(no D. alaskensis added). Error bars represent the standard deviation between triplicate 
samples. 

 
 

 Lactate consumption and acetate production throughout the whole experiment can 

be seen in Figure 21 and Figure 22, respectively. As in the growth experiment, the oxidation 

of one mole of lactate by D. alaskensis should result in one mole of acetate. This roughly 

seems to be the case based on the lactate and acetate results below. Furthermore, as 

explained before, two moles of lactate are necessary for one mole of sulfate to be 

completely reduced to sulfide. This is the case when examining Figure 17, the sulfate data, 

and Figure 21, the lactate data. 
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Figure 21: Lactate consumption for each series during the course of the whole experiment. 
Error bars represent standard deviation between triplicate samples within a series. 

 
 

 

Figure 22: Acetate production for each series during the course of the whole experiment. 

Error bars represent standard deviation between triplicate samples within a series. 
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Discussion 

Modified biochar, created by pre-soaking the biomass before pyrolysis in either 

Mg(OH)2 or MgCl2 solution, was found to significantly increase sorption capacities 

towards both copper and nickel in solution, as compared to unmodified biochar (Figure 3 

and Figure 5). Mg(OH)2 modified biochar had the greatest sorption capacity for both 

metals, MgCl2 had the second highest sorption capacity, and unmodified biochar showed 

the lowest sorption capacity. One thing to note is that neither the Langmuir or Freundlich 

model fit the sorption data to a significant degree (R2 ˂0.85). This may be due to the fact 

that the grinding of the biochar to obtain a specific size range led to significant variation 

between biochar placed in each triplicate sample. Furthermore, the small dose of biochar 

used to create the sorption isotherms (0.5 g/L, chosen so as to be able to control solution 

pH) may have further exacerbated the fact that the ground biochar particles were 

heterogeneous. It should also be noted that it is very likely that multiple sorption 

mechanisms were responsible for the observed isotherms. This means that the simple 

sorption models used to fit the data would be unable to completely explain the realized 

data. 

While explaining mechanisms of sorption is not part of this research, possible 

reasons for the increased sorption capacity of the modified biochars may include increased 

ion exchange and surface complexation between magnesium minerals/surface functiona l 

groups on the biochar and the heavy metals in solution. These mechanisms may be 

increased, (assuming magnesium minerals were successfully impregnated on the modified 

biochar during pyrolysis), in the modified biochar due to increased magnesium minera l 

content and surface functional group content as compared to the unmodified biochar. In 
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the article by (Cui et al., 2016) it was found that both ion exchange and surface 

complexation were major contributors towards heavy metal sorption onto biochar (Cui et 

al., 2016). Thus, it is possible that these mechanisms may have contributed to increased 

copper and nickel sorption onto the modified biochars. 

D. alaskensis growth was found to be unaffected by the presence of biochar for 

biochar doses ranging from 0.5 to 10.0 g/L (Table 17). This indicates that neither biochar, 

nor its soluble components, inhibits growth of D. alaskensis. While no inhibition of growth 

was expected, this was a necessary step before further testing with the biochar could be 

carried out, since some biochars, especially municipal sludge-derived biochars, have been 

shown to contain a significant amount of microbe-inhibiting heavy metals and polycyclic 

aromatic hydrocarbons (PAHs) (Kloss et al., 2012; Lu et al., 2012). In addition, as stated 

before, the amount of sulfate reduced and the amount of lactate converted to acetate agrees 

stoichiometrically with what is expected (Figure 7, Figure 10, and Figure 11). This means 

that all the electrons are accounted for throughout the 72-hour growth period, suggesting 

that the tested biochar does not contain any significant amount of labile carbon that can be 

accessed by D. alaskensis (an addition cell suspension with cells, biochar, and no lactate 

present also showed no sulfate reduction occurring). This is in agreement with the highly 

recalcitrant and aromatic nature of carbon in biochar, and with a study by Xu et al. (2016) 

that found that Shewanella oneidensis MR-1 could not use the carbon in biochar as a 

substitute for lactate for hematite reduction (Xu et al., 2016). It was found, however, that 

the 0.5 and 5.0 g/L biochar treatments resulted in lower total cell yields when compared to 

the control. This is strange, since this does not seem to be based on biochar concentration. 

While this cannot be ignored, it may be due to sampling biases (such as biochar size 
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fractionation) when withdrawing samples for qPCR into the needle, and also DNA 

extraction biases when extracting DNA from biochar containing samples. 

For the copper inhibition growth experiment, the addition of biochar to copper 

containing media decreases the lag time for initiation of sulfate reduction by D. alaskensis 

for a copper concentration of 0.5 mg/L, which can be seen in both the sulfate and cell 

number data (Figure 15). The 1.0 mg/L copper experiment led to more ambiguous results 

(Figure 16). For this experiment, it appears that sulfate reduction took place at a similar 

rate regardless of whether biochar was present. However, there does appear to be a slight 

decrease in lag time based on cell number data. Furthermore, while the 0.5 mg/L copper 

experiment resulted in no statistical difference in total cell yield, the 1.0 mg/L copper 

experiment resulted in a greater total cell yield when biochar was present as compared to 

when it was not. This finding cannot be attributed to DNA extraction biases, as may be the 

case in the batch growth data, since the batch growth data showed total cell yield to 

decrease with biochar present. Copper, which is a known inhibitor of SRB, inhibits sulfate 

reduction by inactivating enzymes and nutrient transport systems (Nies, 1999). While 

biochar did not appear to decrease the copper concentration in solution, (see Appendix E: 

Initial Copper/Nickel Concentrations and Initial pH in Metal Inhibition Growth Studies) it 

may have decreased lag time by making copper ions less available to cells located on its 

surface. This would make it less energy intensive for D. alaskensis, which has to pump 

copper ions out through a ATPase efflux pumps encoded by genes such as the cop A and 

copB gene (Besaury et al., 2013; Nies, 1999). This need to expend energy to reduce copper 

inhibition by pumping can be seen in a noticeable decrease in total cell yield, as was stated 

above, through the statistical evidence from the 1.0 mg/L copper experiment. 
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Another possibility that needs to be considered is that biochar would provide a 

surface for cells to live on, encouraging growth. This is unlikely, however, since the D. 

alaskensis growth experiment (with no added copper) in the presence of varying doses of 

biochar showed no change in sulfate reduction rates, regardless of if biochar was present 

or not. Thus, surface area provided, and in turn, a surface, does not appear to be a factor.  

Furthermore, the 1.0 mg/L copper experiment likely showed no dependence on biochar 

addition due to the high copper concentration. This higher copper concentration may have 

masked whatever effect biochar has in these experiments. With little sorption capacity 

toward copper, (as found in the sorption experiment) the 1.0 mg/L of copper may have 

saturated the biochar, leaving all sorption sites occupied. Providing a greater dose of 

biochar, such as 5.0 g/L, may have a larger impact on lag time length as compared to a 

dose of 1.0 g/L due to additional copper sorption. 

Cell suspension experiments are a way of quantifying the energetic bioenzymatic 

aspects of the metabolism of an organism in the absence of growth. In this study, the 

addition of biochar to resting cell suspensions containing D. alaskensis, lactate, sulfate, 

and HEPES buffer was found to significantly increase rates of sulfate reduction, 

irrespective of biochar dose (Figure 17). While Kappler et al. (2014) and Xu et al. (2016) 

have shown that biochar can act as an electron shuttle that stimulates electron transfer 

between bacteria and solid electron acceptors such as iron oxides, very few studies have 

looked at how biochar interacts with soluble electron acceptors, such as sulfate (Borchard, 

Prost, Kautz, Moeller, & Siemens, 2012; Kappler et al., 2014; Xu et al., 2016). One such 

study looked at the reduction of pentachlorophenol (PCP) by Geobacter sulfurreducens 

both with and without biochar present. In this study, it was found that various biochar 
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addition led up to a 24-fold enhancement in reductive dechlorination as compared to the 

control with no biochar (Yu et al., 2015). It was postulated that these enhancements were 

mostly due to the surface functional groups and electrical conductivity of the biochar 

leading to abiotic reduction of PCP by biochar which had been previously reduced by G. 

sulfurreducens (Yu et al., 2015). Furthermore, Cervantes et al. showed that 

Desulfitobacterium PCE1 was capable of coupling anthraquinone-2,6-disulphonate 

(AQDS, which is a humic analogue), reduction to lactate oxidation (Cervantes et al., 2002). 

This same study also showed that Desulfovibrio G11, a sulfate reducing bacterium, was 

able to use AQDS as a terminal electron acceptor during the oxidation of hydrogen 

(Cervantes et al., 2002). With the Desulfovibrio strain G11 capable of AQDS reduction, 

we hypothesize that D. alaskensis may also be able to couple lactate oxidation and biochar 

reduction. It needs to be noted that while AQDS is a soluble electron shuttle, biochar is a 

solid electron shuttle. 

While the Yu et al. (2016) study is relevant towards finding out how biochar can 

act as a conduit for electron transfer and Cervantes et al. (2002) found that a SRB can 

reduce AQDS, the case with sulfate reduction by D. alaskensis is very different. This is 

due to the fact that biological sulfate reduction takes place within the cytoplasm of the cell 

(Keller et al., 2014). Furthermore, sulfate must first be activated by adenosine triphosphate 

(ATP) in the first step of biological sulfate reduction (see Figure 23) (Keller et al., 2014). 
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Figure 23: Proposed electron flow pathway for biological sulfate reduction from lactate in 

D. alaskensis G20 (Keller et al., 2014). 
 
 

In addition, Figure 17, Figure 21, and Figure 22 show that, based on stoichiometry, all the 

electrons that were needed to achieve the observed reduction in sulfate to sulfide in these 

cell suspensions roughly corresponds to the measured oxidation of lactate to acetate. This 

leads to the question of how can biochar increase sulfate reduction rates when sulfate 

reduction takes place within the cell and all electrons are accounted for? 

 One possible way that the addition of biochar may be able to increase sulfate 

reduction rates could be through the consumption of protons pumped out of the cell during 

the generation of the proton gradient. With biochar being an alkaline surface containing 
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redox active function groups, these surface functional groups would be able to accept 

protons, thus decreasing the strength of the proton gradient. Collapsing or decreasing the 

proton gradient would lead to a significant reduction in ATP synthesis. This would lead to 

the need for the cell to increase lactate turn over (and increase sulfate reduction) so as to 

maintain cell function by oxidative phosphorylation. Furthermore, this would also explain 

why biochar dose did not seem to affect the sulfate reduction rate. This would be due to 

the fact that the buffering capacity of the biochar was never reached during the experiment, 

even for the 0.5 g/L dose. 

 Another possibility involves biochar working as a battery that can provide electrons 

directly to the SRB so as to increase sulfate reduction. (Shi et al., 2016) The reason no 

sulfate reduction was observed in the abiotic series is due to the fact that sulfate must first 

be activated by ATP in the cell to adenosine phosphosulfate (APS) before it can be reduced 

(Keller et al., 2014). What leads to this not being very probable, however, is that all the 

electrons are accounted for during the reduction process of sulfate (through the analysis of 

lactate and acetate data). This leaves it as unlikely that electrons are coming from a different 

source other than from the oxidation of lactate, at least as long as alternative sources of an 

organic electron donor are available to the bacteria. Furthermore, biochar was not pre-

reduced in the cell suspension, making it unlikely that D. alaskensis could have oxidized 

the biochar for sulfate reduction. It should be noted that, as shown in Figure 23 above, 

formate and hydrogen can also serve as extracellular electron donors during sulfate 

reduction. Thus, if biochar could act as a catalyst for e.g. hydrogen oxidation or directly 

provide electrons to electron accepting proteins on the surface of the cell, sulfate reduction 

would be possible. The hydrogen to proton redox potential is -414 millivolts, while the 
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formate to carbon dioxide redox potential is -432 millivolts. With unreduced humic acids 

having a redox potential between -120 ± 120 millivolts (similar to what would be expected 

for biochar due to its similarity with humics), however, the reduction of a more electro-

negative electron acceptor is unlikely (Kluepfel, Keiluweit, Kleber, & Sander, 2014).  
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Outlook 

 This study looked to answer basic questions regarding sorption of heavy metals by 

modified biochar and the influence of biochar on sulfate reduction, specifically if it can act 

as an electron donor/acceptor. While modifying biochar by MgCl2 and Mg(OH)2 was found 

to increase sorption capacities towards nickel and copper, the mechanisms governing this 

sorption process are still unknown. To help identify possible mechanisms of sorption, 

scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) 

needs to be performed on biochar both before and after sorption. Through these techniques, 

changes in surface elemental composition, topography, and metal deposition information 

would be available to help determine surface chemistry for both modified and unmodif ied 

biochar. In addition, since the magnesium modified biochars showed much greater sorption 

capacities towards heavy metals, SRB should be grown in the presence of these biochars 

to see if the additional sorption capacity can alleviate heavy metal inhibition to a greater 

degree than unmodified biochar. 

Future tests to determine if biochar can act as an electron donor/acceptor for sulfate 

reduction should utilize either reduced or oxidized biochar. One such test would be pre-

reducing biochar with hydrogen and a palladium catalyst for use in a SRB cell suspension. 

Lactate could then be omitted from the cell suspension matrix so that if sulfate reduction 

is to occur, the electrons must come from the biochar, which could act as a battery to supply 

electrons (Shi et al., 2016). The other side of this test would be to use oxidized biochar in 

a cell suspension while omitting sulfate. By adding lactate to this suspension, the SRB 

would have to oxidize the lactate and reduce the biochar. This would determine the role 

biochar can play as an electron acceptor. While D. alaskensis may not be able to oxidize 
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or reduce biochar directly through its sulfate reduction metabolism, D. alaskensis is known 

to be able to reduce iron (Coleman, Hedrick, Lovley, White, & Pye, 1993; Lovley, Roden, 

Phillips, & Woodward, 1993). Thus, it may be possible for D. alaskensis to transfer 

electrons to biochar via the iron reduction system. Furthermore, soluble extracts from 

biochar should be tested in cell suspension experiments to determine if biochar has soluble 

electron shuttles that can be released from its surface. These findings could greatly impact 

AMD treatment through the use of biochar and SRB, either through addition to bioreactors, 

permeable reactive barriers, or packed columns. 

Another area of future research that could have large implications in AMD 

treatment applications involves using electrodes to stimulate sulfate reduction. D. 

alaskensis has already been shown to be able to produce electrically-conductive nanoscale 

filaments capable of extracellular electron transfer to solid electron acceptors (Eaktasang 

et al., 2016). In another study, the SRB Desulfovibrio ferrophilus Strain IS5 has been 

shown to be able to accept electrons from a tin-doped oxide electrode while using sulfate 

as a terminal electron acceptor (Deng, Nakamura, Hashimoto, & Okamoto, 2015). Perhaps 

most importantly, though, is a study by Beese-Vasbender et al. (2015) that found 

Desulfopila corrodens strain IS4, a lithoautotrophic SRB was able to accept electrons from 

graphite and doped germanium cathodes (Beese-Vasbender, Nayak, Erbe, Stratmann, & 

Mayrhofer, 2015). This leads to the exciting possibility to directly supply electrons, instead 

of an organic electron donor, to autotrophic SRB to control sulfate reduction in engineered 

bioreactors. 
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Conclusion 

 This study looked to evaluate the potential of biochar to remove aqueous heavy 

metals from solution as well as the effect of biochar on microbial sulfate reduction in cell 

suspension assays and batch growth experiments. Overall, Mg(OH)2 and MgCl2 modified 

biochar were found to significantly increase sorptive capacity towards nickel and copper 

when compared to the unmodified control biochar. The mechanisms governing this 

sorptive process need to be further ascertained using SEM/EDX analysis. Furthermore, 

biochar was found to be able to relieve copper stress for a copper concentration of 0.5 

mg/L. This relief of copper stress may be due to its above mentioned sorptive properties 

towards heavy metals. While biochar was shown to increase the extent of sulfate reduction 

by Desulfovibrio alaskensis up to 4-fold in suspension assays, the reason behind this 

finding is currently unknown. Further testing utilizing reduced and/or oxidized biochar is 

need to help discern the underlying process that governs this increase. In conclusion, 

biochar shows great promise as an additive material in permeable reactive barriers and 

packed columns for the treatment of AMD due to its ability to sorb heavy metals and 

increase sulfate reduction rates. 
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Appendix A: Swiss Biochar Properties 

 

Table 23: Swiss biochar physical properties. Swiss biochar was used as the control biochar 

for the sorption experiments. 
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Appendix B: Nonlinear Regression Example for Nickel Sorption onto MgCl2 

Modified Biochar 

-Langmuir 

Table 24 below shows the Microsoft Excel spreadsheet used to perform nonlinear 

regression for the MgCl2 modified biochar sorbing nickel based on the Langmuir model.  

Each part of the table will be explained below, along with sample calculations. 

 

Table 24: Langmuir fit using nonlinear regression. SS stands for sum of squares. 

 

 

 Average Final Ni Conc.: Represents the actual final nickel concentration found 

after 48 hours of interaction time. It is the average of the triplicate readings. 

KL [L/mg] 0.0287

Qm [mg/g] 16.1

0.00 --- --- --- ---

8.58 3.19 3.08 0.01 24.51

18.23 5.54 3.87 2.77 17.31

27.13 7.06 6.46 0.35 2.46

36.50 8.24 9.31 1.14 1.64

45.32 9.11 11.36 5.06 11.08

55.12 9.87 10.84 0.94 7.89

66.60 10.58 9.43 1.32 1.96

76.43 11.07 9.90 1.37 3.48

Sum: 12.96 70.32

Q avg [mg/g] 8.03

R
2
 [ ] 0.82

Q Actual 

[mg/g]

Langmuir Nonlinear Regression

SS Residual 

[mg
2
/g

2
]

SS Total 

[mg
2
/g

2
]

Average Final Ni 

Conc. [mg/L]

Q Predicted 

[mg/g]
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 Q Predicted: This is a prediction based on the KL value, Qm value, and the actual 

average final Ni concentration. This is calculated using Equation 3. A sample 

calculation for the 8.58 mg/L final nickel concentration line is shown below. 

𝑄 =
𝑄𝑚 ∗ 𝐾𝐿 ∗ 𝐶𝑓

(1 + 𝐾𝐿 ∗ 𝐶𝑓)
=

16.1 
𝑚𝑔
𝑔

∗ 0.0287 
𝐿

𝑚𝑔
∗ 8.58 

𝑚𝑔
𝐿

(1 + 0.0287 
𝑚𝑔
𝑔

∗ 8.58 
𝑚𝑔
𝐿

)
= 3.19 

𝑚𝑔

𝑔
 

 Q Actual: This represents the actual average sorption capacity of the triplicate 

samples based on the initial and final nickel concentration along with the dose of 

biochar used. This comes from the use of Equation 2. 

 SS Residual: This is the sum of squares residual. This is represented by the equation 

below. An example calculation for the 8.58 mg/L final nickel concentration is also 

included. 

𝑆𝑆 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙

= ∑(𝑄 𝐴𝑐𝑡𝑢𝑎𝑙 − 𝑄 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)2

= (3.08 
𝑚𝑔

𝑔
− 3.19 

𝑚𝑔

𝑔
)2 + ⋯ 

 Q avg: Is the average of all the Q Actuals. This represents the average sorption 

capacity of the biochar across all tested nickel concentrations. 

 SS Total: This is the total sum of squares. This is represented by the equation below. 

An example calculation for the 8.58 mg/L final nickel concentration is also 

included. 

𝑆𝑆 𝑇𝑜𝑡𝑎𝑙 = ∑(𝑄 𝐴𝑐𝑡𝑢𝑎𝑙 − 𝑄 𝑎𝑣𝑔)2 = (3.08 
𝑚𝑔

𝑔
− 8.03 

𝑚𝑔

𝑔
)

2

+ ⋯ 
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 R2: This represent the degree of fit for the KL and Qm value. This is calculate as 

shown below. 

𝑅2 = (1 −
𝑆𝑆 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑆𝑆 𝑇𝑜𝑡𝑎𝑙
) = (1 −

12.96 
𝑚𝑔2

𝑔2

70.32 
𝑚𝑔2

𝑔2

) = 0.82 [ ] 

The solver function in Microsoft Excel could then be used to maximize the R2 value. This 

was done by setting the KL and Qm values as the variables, with maximizing the R2 value 

as the target. 

 

-Freundlich 

Table 25 below shows the Microsoft Excel spreadsheet used to perform nonlinear 

regression for the MgCl2 modified biochar sorbing nickel based on the Freundlich model. 

Each part of the table will be explained below, along with sample calculations. 
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Table 25: Freundlich fit using nonlinear regression. SS stands for sum of squares. 

 

 

 Average Final Ni Conc.: As explained above. 

 Q Predicted: This is a prediction based on the F value, n value, and the actual 

average final Ni concentration. This is calculated using Equation 4. A sample 

calculation for the 8.58 mg/L final nickel concentration line is shown below. 

𝑄 = 𝐹 ∗ 𝐶𝑓𝑛 = 1.298 
𝑚𝑔

𝑔
∗ (8.58 

𝑚𝑔

𝐿
)

0.502 

= 3.82 
𝑚𝑔

𝑔
 

 Q Actual: As explained above. 

 SS Residual: As explained above. 

 Q avg: As explained above. 

F [mg/g] 1.298

n [ ] 0.502

0.00 --- --- --- ---

8.58 3.81 3.08 0.54 24.51

18.23 5.57 3.87 2.87 17.31

27.13 6.79 6.46 0.11 2.46

36.50 7.88 9.31 2.04 1.64

45.32 8.79 11.36 6.62 11.08

55.12 9.69 10.84 1.32 7.89

66.60 10.66 9.43 1.51 1.96

76.43 11.42 9.90 2.32 3.48

Sum: 17.32 70.32

Q avg [mg/g] 8.03

R
2
 [ ] 0.75

Q Actual 

[mg/g]

Freundlich Nonlinear Regression

SS Residual 

[mg
2
/g

2
]

SS Total 

[mg
2
/g

2
]

Average Final 

Ni Conc. [mg/L]

Q Predicted 

[mg/g]
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 SS Total: As explained above. 

 R2: This represent the degree of fit for the F and n value. This is calculate as shown 

below. 

𝑅2 = (1 −
𝑆𝑆 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑆𝑆 𝑇𝑜𝑡𝑎𝑙
) = (1 −

17.32 
𝑚𝑔2

𝑔2

70.32 
𝑚𝑔2

𝑔2

) = 0.75 [ ] 

The solver function in Microsoft Excel could then be used to maximize the R2 value. This 

was done by setting the F and N values as the variables, with maximizing the R2 value as 

the target. 
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Appendix C: D. alaskensis Log Growth Figures 

-D. alaskensis Growth in Presence of Biochar 

The qPCR results depicting the number of D. alaskensis cells per milliliter during 

log phase growth of this experiment can be seen in Figure 24, Figure 25, Figure 26, Figure 

27, and Figure 28 below. From these graphs, the growth rate could be found for each series 

by plotting the results on a log scale for cell number per milliliter. A linear line could then 

be fit to the data, from which the specific growth rate could be determined. 

 

 

Figure 24: Growth of cells for triplicate control samples (no biochar) during log growth. 
Dotted lines represent linear fits. 
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Figure 25: Growth of cells for triplicate 0.5 g/L dose biochar samples during log growth. 

Dotted lines represent linear fits. 
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Figure 26: Growth of cells for triplicate 1.0 g/L dose biochar samples during log growth. 

Dotted lines represent linear fits. 
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Figure 27: Growth of cells for triplicate 5.0 g/L dose biochar samples during log growth. 

Dotted lines represent linear fits. 
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Figure 28: Growth of cells for triplicate 10.0 g/L dose biochar samples during log growth. 
Dotted lines represent linear fits. 

 
 

-D. alaskensis Metal Inhibition Growth 

The qPCR results depicting the number of D. alaskensis cells per milliliter during 

log phase growth of the 0.5 mg/L copper experiments can be seen in Figure 29, Figure 30, 

Figure 31 . From these graphs, the growth rate could be found for each series by plotting 

the results on a log scale for cell number per milliliter. A linear line could then be fit to the 

data, from which the specific growth rate could be determined. 
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Figure 29: Growth of D. alaskensis for triplicate control series (0.5 mg/L copper 
experiment) during log growth. Control series contained no copper or biochar. Dotted lines 

represent linear fits. 
 

 
 

 

Figure 30: Growth of D. alaskensis for triplicate 1.0 g/L dose biochar samples containing 
0.5 mg/L copper during log growth. Dotted lines represent linear fits.  
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Figure 31: Growth of D. alaskensis for triplicate 0.5 mg/L copper samples during log 
growth. No biochar was added to this series. Dotted lines represent linear fits. 

 
 

The qPCR results depicting the number of D. alaskensis cells per milliliter during log phase 

growth of the 1.0 mg/L copper experiments can be seen in Figure 32, Figure 33, and Figure 

34. From these graphs, the growth rate could be found for each series by plotting the results 

on a log scale for cell number per milliliter. 

 

 

y = 0.0436x + 7.1476
R² = 0.8074

y = 0.0447x + 7.0876
R² = 0.8167

y = 0.0287x + 7.5934
R² = 0.7405

5

6

7

8

9

10

0 10 20 30 40 50

L
o

g
(c

e
ll
s

/m
L

)

Time [hrs]

Growth: 0.5 mg/L Cu without Biochar

Series 1

Series 2

Series 3

Linear (Series 1)

Linear (Series 2)

Linear (Series 3)



83 
 

 

Figure 32: Growth of D. alaskensis for triplicate control series (0.5 mg/L copper 
experiment) during log growth. Control series contained no copper or biochar. Dotted lines 

represent linear fits. 
 

 
 

 

Figure 33: Growth of D. alaskensis for triplicate 1.0 g/L dose biochar samples containing 

1.0 mg/L copper during log growth. Dotted lines represent linear fits. 
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Figure 34: Growth of D. alaskensis for triplicate 1.0 mg/L copper samples during log 

growth. No biochar was added to this series. Dotted lines represent linear fits. 
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Appendix D: Abiotic Copper Metal Inhibition Control 

 

Figure 35: Sulfate concentration versus time for the abiotic series containing 1.0 g/L 

biochar, 2.5 mg/L copper, and no cells. Error bars represent the standard deviation between 
triplicate samples. 
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Appendix E: Initial Copper/Nickel Concentrations and Initial pH in Metal 

Inhibition Growth Studies 

-Copper Inhibition Study 
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Table 26: Expected and actual initial copper concentrations in the copper inhibition growth 
studies.  

 

Notes: 9 and 10 series were not acidified before FAAS measurements. It is expected that 
these values reflect a slightly smaller copper concentration than would be seen if they were 

acidified. In addition, 9 and 10 series triplicate samples are from an additional experiment 
that was performed as explained in the methods. The control triplicate samples from this 
additional experiment was not included in this table since they were identical to the 1 

control triplicate samples from the first experiment, with no measurable copper observed. 

 

1-1 0 (Control) 0.02

1-2 0 (Control) 0.00

1-3 0 (Control) 0.00

2-1 0.5 0.27

2-2 0.5 0.27

2-3 0.5 0.21

3-1 2.5 1.94

3-2 2.5 1.91

3-3 2.5 2.19

4-1 5.0 4.13

4-2 5.0 4.44

4-3 5.0 4.32

5-1 0.5 0.45

5-2 0.5 0.24

5-3 0.5 0.24

6-1 2.5 1.88

6-2 2.5 2.12

6-3 2.5 2.06

7-1 5.0 4.53

7-2 5.0 4.41

7-3 5.0 4.53

8-1 2.5 2.12

8-2 2.5 2.40

8-3 2.5 2.16

9-1* 1.0 0.285326

9-2* 1.0 0.350154

9-3* 1.0 0.220498

10-1* 1.0 0.220498

10-2* 1.0 0.285326

10-3* 1.0 0.285326

*Were not acidified

0.285

0.264

2.013

4.296

0.309

2.023

4.489

2.226

Triplicate 

Sample

Actual Cu 

Conc. [mg/L]

Avg. Cu 

Conc. [mg/L]

0.008

0.248

Expected Cu 

Conc. [mg/L]
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Table 27: Initial pH of triplicate samples in the copper inhibition growth study. 9 and 10 
series triplicate samples are from an additional experiment that was performed as explained 

in the methods. 

 

  

1-1 6.5 6.51

1-2 6.5 6.49

1-3 6.5 6.49

2-1 6.5 6.68

2-2 6.5 6.70

2-3 6.5 6.65

3-1 6.5 6.65

3-2 6.5 6.68

3-3 6.5 6.65

4-1 6.5 6.65

4-2 6.5 6.66

4-3 6.5 6.65

5-1 6.5 6.47

5-2 6.5 6.46

5-3 6.5 6.47

6-1 6.5 6.47

6-2 6.5 6.46

6-3 6.5 6.45

7-1 6.5 6.46

7-2 6.5 6.45

7-3 6.5 6.46

8-1 6.5 6.64

8-2 6.5 6.64

8-3 6.5 6.63

9-1* 6.5 6.67

9-2* 6.5 6.70

9-3* 6.5 6.72

10-1* 6.5 6.56

10-2* 6.5 6.47

10-3* 6.5 6.51

6.70

6.51

6.66

6.65

6.47

6.46

6.46

6.64

6.68

Triplicate 

Sample

Expected 

pH
Actual pH Avg. pH

6.50
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-Nickel Inhibition Study 

Table 28: Expected and actual initial copper concentrations in the nickel inhibition growth 
studies. 

 

  

1-1 0 (Control) 0.00

1-2 0 (Control) 0.00

1-3 0 (Control) 0.00

2-1 20 18.75

2-2 20 18.75

2-3 20 18.58

3-1 60 56.74

3-2 60 56.74

3-3 60 55.75

4-1 120 112.49

4-2 120 110.51

4-3 120 107.54

5-1 20 18.25

5-2 20 17.10

5-3 20 16.44

6-1 60 56.28

6-2 60 55.29

6-3 60 54.96

7-1 120 113.47

7-2 120 114.46

7-3 120 112.49

8-1 60 57.23

8-2 60 56.74

8-3 60 53.77

55.914

18.693

56.408

110.180

17.265

55.507

113.474

Triplicate 

Sample

Expected Cu 

Conc. [mg/L]

Actual Cu 

Conc. [mg/L]

Avg. Cu 

Conc. [mg/L]

0.000
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Table 29: Initial pH of triplicate samples in the nickel inhibition growth study. 

 

  

1-1 6.5 6.45

1-2 6.5 6.42

1-3 6.5 6.42

2-1 6.5 6.61

2-2 6.5 6.60

2-3 6.5 6.59

3-1 6.5 6.53

3-2 6.5 6.55

3-3 6.5 6.54

4-1 6.5 6.53

4-2 6.5 6.53

4-3 6.5 6.53

5-1 6.5 6.39

5-2 6.5 6.37

5-3 6.5 6.37

6-1 6.5 6.34

6-2 6.5 6.33

6-3 6.5 6.32

7-1 6.5 6.32

7-2 6.5 6.32

7-3 6.5 6.32

8-1 6.5 6.54

8-2 6.5 6.52

8-3 6.5 6.55

6.54

Triplicate 

Sample
Expected pH Actual pH Avg. pH

6.43

6.60

6.54

6.53

6.38

6.33

6.32
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Appendix F: Nickel Inhibition of D. alaskensis Growth Sulfate Measurements 

 Figure 36, Figure 37, and Figure 38 below depict the sulfate data obtained from the 

nickel inhibition growth experiment. While the 20 mg/L nickel concentration experiments 

appear to have worked, all other nickel concentrations, including the control, had greatly 

depressed sulfate concentrations. The cause of this is unknown but is suspected to be due 

to nickel interference with ion chromatography measurements. Assuming the 20 mg/L 

nickel experiments were unaffected, 20 mg/L of nickel did not seem to affect growth of D. 

alaskensis. With the 60 and 120 mg/L nickel sulfate data being greatly depressed, it is 

unclear whether or not biochar can relieve nickel inhibition. 

 

 

Figure 36: Sulfate concentration versus time for the nickel toxicity D. alaskensis growth 
experiment in the presence of 1.0 g/L biochar and copper. 20 Ni represents 20 mg/L copper 

concentration. Series that contained biochar are represented with a B. Error bars represent 
the standard deviation between triplicate samples. 
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Figure 37: Sulfate concentration versus time for the nickel toxicity D. alaskensis growth 
experiment in the presence of 1.0 g/L biochar and copper. 60 Ni represents 60 mg/L copper 

concentration. Series that contained biochar are represented with a B. Error bars represent 
the standard deviation between triplicate samples. 
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Figure 38: Sulfate concentration versus time for the nickel toxicity D. alaskensis growth 
experiment in the presence of 1.0 g/L biochar and copper. This represents the abiotic 

control series. This series contained 60 mg/L nickel, 1.0 g/L biochar, and no cells. Error 
bars represent the standard deviation between triplicate samples. 
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