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Abstract

:

Elm and poplar are two tree species that can provide a large amount of low-value feedstock for biochar production due to their rapid growth rate (poplar), and susceptibility to disease and/or infestation (both elm and poplar). Biochar has been studied recently as filtration medium for water purification, as it provides a renewable alternative to activated carbon. In this work, the adsorption efficiency of biochars made from elm and poplar as a function of pyrolysis temperature were studied by ultraviolet (UV) adsorption of dyes with positive, neutral, and negative charges to determine what factors had the greatest effect on adsorption of these dyes. It was found that conductivity of the biochars increased with pyrolysis temperature, and that this factor was more important than surface area in terms of adsorbing charged dyes. Both elm and poplar biochars were not effective in adsorbing neutral dyes. This research demonstrates that elm and poplar biochars adsorb charged (either positively or negatively) solutes more efficiently than uncharged ones because they carry both charges themselves. Therefore, these biochars would make excellent candidates as renewable filtration media for charged contaminants.






Keywords:


biochar; elm; poplar; adsorption; water filtration












1. Introduction


Biochar is a form of charcoal that can be made from biomass; it is defined as the solid, carbon-containing material that results from the thermochemical treatment of biomass in the absence of oxygen [1]. When biochar is made from wood, its vascular nature makes the biochar very porous [2,3]. Since wood biochar is both carbon-containing and porous, this makes it an excellent candidate for water filtration applications and this is an active area of research [4,5,6,7]. Wood is one of many different renewable biomass feedstocks for biochar, other low-cost materials being studied for filtration applications include algae [8], seaweed [9], crab shells [10], and cassava slag [11], just to name a few.



Elm and poplar are two species of trees native to the United States that are both susceptible to disease/infestation via Dutch elm disease [12] and outbreaks from tent caterpillars and gypsy moths [13], respectively. Healthy poplar trees are a rapidly growing species that flourishes in Canada and the northern United States from the Great Lakes region eastward to New England. Poplar trees can also be coppiced; this is a procedure where wood is cut from the main stump of a tree and then new shoots are regrown from the same stump and the wood is periodically re-harvested, so that a finite area of trees can continually produce lumber [14,15,16]. Poplar has been coppiced as a short-rotation energy crop in poorer soils and highlands [17]. As a result of both disease and the rapid growth rate of poplar, these two tree species generate massive amounts of low-value wood annually. Because of the high temperature of the pyrolysis process, any residual caterpillar/moth tissue or Dutch elm disease present are completely volatilized and do not affect the resulting biochar properties. Thus, low value elm and poplar wood make excellent feedstock for biochar in this application.



In addition to its porosity, biochar frequently has a charged surface resulting from polar functional groups. Protonation and deprotonation of these groups can occur to create a net charge on the biochar, forming an electrical double layer near the surface [18], or the polar functional groups may directly interact with analyte molecules in solution [19,20]. The purpose of this study was to observe how the surface charge of elm and poplar biochars change with pyrolysis temperature. Demonstrating the ability to manipulate the surface charge of these biochars increases their utility in adsorbing different analytes depending on the application needed. In this work three common dyes were chosen to represent positive, neutral, and negative dyes in pH 7 water. These dyes were methylene blue (net positive charge @ pH 7), fluorescein (neutral charge @ pH 7), and Coomassie blue (net negative charge @ pH 7).




2. Materials and Methods


2.1. Materials Used


Biochars made from elm and poplar at three different pyrolysis temperatures (500, 700, and 900 °C) were supplied by Biochar Options (Whitewater, WI) and used as delivered. For all biochar samples produced, yield ranged from 23–26% biochar weight/starting feedstock weight. Coomassie Brilliant Blue G-250 (CB) was purchased from Bio-Rad (Hercules, CA, USA). Methylene blue (MB) and fluorescein (F) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Structural diagrams of these dyes as well as their net charge at pH 7 are shown in Figure 1.




2.2. Chemical and Physical Properties


Elemental analysis of carbon (C), hydrogen (H), and nitrogen (N) were carried out using a Perkin Elmer 2400 CHNS/O series II analyzer (Norwalk, CT, USA) using cysteine as a standard. Each measurement used approximately 2 mg of biochar and was done in triplicate. Ash content was determined using a TA Instruments Q2950 thermogravimetric analyzer (New Castle, DE, USA) by heating to 1000 °C at a heating rate of 10 °C min−1 in an air atmosphere. Ash content was determined to be the weight percentage remaining, and oxygen (O) was determined by difference from the original dried sample and the sum of C, H, N, and ash. Biochar absolute density [21] and surface areas [22] were measured as detailed in previous manuscripts.




2.3. Dye Adsorption Studies


Dye solutions were prepared by dissolving 20 mg of dye in 1 L of DI water. Samples of biochar (50–500 mg biochar) were weighed into 20 mL scintillation vials, then 10 g of dye solution was added. Each sample was stirred for 1 h, then the biochar/dye suspensions were centrifuged for 10 min at 14,000× g using an Eppendorf MiniSpin Plus microcentrifuge (Eppendorf, Hamburg, Germany). After centrifugation, the supernatant was carefully pipetted from the microcentrifuge tube, then transferred to a new scintillation vial.



Each centrifuged biochar-treated dye solution was then measured using a UV-2600 ultraviolet–visible (UV-Vis) spectrophotometer (Shimadzu Corp., Kyoto, Japan). The samples were scanned in the range of 190–800 nm using deionized (DI) water in the reference cuvette. The peak UV adsorption value was recorded and compared to the peak UV adsorption of the original dye solution to see the amount of adsorption of the dyes by the biochars. (Peak UV adsorption differed for each dye as follows: CB, 580–610 nm; MB, 660–665 nm; F, 485–490 nm). All dye adsorption experiments were conducted at room temperature.




2.4. Conductivity Measurements


Conductivity measurements were taken at room temperature using a SevenExcellence S470 pH/conductivity meter (Mettler-Toledo, Columbus, OH, USA). DI water or dye solution (100 g) was weighed into a beaker, and conductivity of the water or solution was measured while stirring. After 5 min, 100 mg of biochar was added to the stirring liquid, and the conductivity was measured after stabilization (~5 min). Once the conductivity was stable, an additional 100 mg biochar was added, and the new conductivity reading was recorded after stabilization. This was repeated until a total of 500 mg of biochar was added.





3. Results and Discussion


Table 1 shows the material properties of the elm and poplar biochars. Carbon content for these biochars is very high, ranging from 86% to nearly 97% carbon, with carbon content generally increasing with pyrolysis temperature. Most biochars will see an increase in the percent carbon content as pyrolysis temperature is increased due to increasing loss of volatile components of the feedstock [23]. Ash content for all of these biochars was relatively constant with all containing <3%, and since these biochars contain little hydrogen and nitrogen, by difference oxygen levels in the chars were reduced as pyrolysis temperature increased.



Scanning electron microscope (SEM) images of the biochars can be seen in Figure 2. All of these samples were fairly fine powders with particle sizes ranging up to about 30 microns. As can be seen from the images, the biochar samples look similar visually, even though these samples have different surface areas. This indicates that the source of differences in surface area is due to differences in internal porosity of the biochar particles. The fact that these biochars reach a maximum surface area at 700 °C is consistent with the pyrolysis process as temperature is increased. As a biochar feedstock is subjected to pyrolysis and the temperature is raised, initially water and volatiles are driven off, which open up pores in the biochar structure and increase surface area. However, the surface areas of most biochars will typically reach a maximum from 500–800 °C [24]. At temperatures higher than this, decomposition and softening of some volatile components (depending on feedstock) form a melt that ‘clogs’ up pores in the biochar, and thus reduces the total surface area [25]. This behavior of the maximum surface area occurring between 500–800 °C is consistent with previous results in our lab [26] as well as others [27].



Figure 3 shows adsorption of CB dye for the poplar (A) and elm (B) biochars, respectively. These data show that the pyrolysis temperature of the biochar has a direct correlation with adsorption for the poplar biochar (Figure 3A), but appears to have no effect on the elm biochar (Figure 3B). Contrast this behavior with similar plots that show adsorption of MB dye for the poplar (Figure 4A) and elm (Figure 4B) biochars. For MB, which has a positive charge at pH 7, a trend can be seen where adsorption capability increases with pyrolysis temperature. This trend is also visible with the poplar biochar and CB, which is negatively charged in water.



One interesting aspect of these biochar samples is that they contain both positive and negative charge groups on their surface; this was evident when samples were loaded onto a microscope stage with an applied potential difference, and biochar particles could be seen migrating in both cathodic and anodic directions (see Supplementary Materials). The pyrolysis temperature of the biochars also affected the surface chemistry; Figure 5 shows the conductance per mg for each of the biochar samples, which increased directly with pyrolysis temperature. This is noteworthy because it shows that conductivity/surface charge effects apparently have a greater effect on sorption of CB and MB than surface area (see Table 1) of the biochar samples.



To further test this, sorption results for the 900 °C biochar samples (highest conductivity levels) with fluorescein (F), a neutral dye at pH 7, are shown in Figure 6, along with previous results of the 900 °C biochars with methylene blue and Coomassie blue. In this figure the effects of biochar conductivity vs. surface area are clearly seen. These biochar samples are able to adsorb 100% of the charged dyes (CB and MB) at approximately 60 mg, whereas for F, the only neutral dye, 100% of the dye is not adsorbed until beyond 350 mg of biochar. Surface area of the biochars also plays a role in dye adsorption but is clearly dominated by surface charge effects. For example, comparing the two F traces in Figure 6, it can be seen that poplar biochar is a more efficient adsorbent than elm, and poplar biochar does have greater surface area than elm (207 to 176 m2/g, respectively, see Table 1).




4. Conclusions


Poplar and elm are two species of wood that are plentiful and of low value due to rapid growth rates (poplar) and disease/infestation (both species). These wood feedstocks can be converted into biochar and used for filtration media, similar to activated carbon. Biochars from these two feedstocks are conductive in water, and this conductivity increases with pyrolysis temperature. Adsorption of the dyes Coomassie blue and methylene blue in pH 7 water (where both dyes have a net negative and positive charge, respectively) was most effective with biochars that had been pyrolyzed at the highest temperature, and therefore had the highest conductivity. The surface charge effect was more influential than the surface area of the biochars in terms of adsorbing charged dye molecules. These biochars showed poor adsorption behavior for fluorescein, a neutral dye at pH 7.



These studies indicate that by pyrolyzing poplar and/or elm at high temperature, biochars can be made that have improved adsorption capabilities for charged solutes in water. These biochars could be mixed with other sorptive media adept at adsorbing neutral contaminants to make filtration media that would be appropriate for adsorbing contaminants with any charge state.








Supplementary Materials


The following are available online at https://www.mdpi.com/2311-5629/7/1/11/s1, Video S1: Biochar particle migration.
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Figure 1. Structural diagrams of methylene blue (top, positively charged), fluorescein (center, neutral charge), and Coomassie blue (bottom, negatively charged) at a pH of 7. 
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Figure 2. Scanning electron microscopy images of elm and poplar biochars at 2000×, both pyrolyzed at 900 °C. The small white bar at the lower right corner of each image represents 10 microns. 
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Figure 3. Adsorption of Coomassie blue as a function of added poplar (A) or elm (B) biochar for each pyrolysis temperature: 500, 700, or 900 °C. 
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Figure 4. Adsorption of methylene blue as a function of added poplar (A) or elm (B) biochar for each pyrolysis temperature: 500, 700, or 900 °C. 
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Figure 5. Conductance per mg of biochar as a function of pyrolysis temperature for both elm (circles) and poplar (squares) biochar samples. 
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Figure 6. Adsorption of dye as a function of added elm or poplar biochars pyrolyzed at 900 °C. The dotted lines show adsorption behavior for the charged dyes Coomassie and methylene blue while the solid lines show adsorption behavior for the neutral dye fluorescein. 
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Table 1. Material properties of elm and poplar biochars.
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	Feedstock/

Pyrolysis T (°C)
	C

(%)
	H

(%)
	N

(%)
	O

(%) a
	Ash (%)
	Density

(g/cm3)
	Surface Area

(m2/g)





	Elm 500
	86.4 ± 2.7
	1.85 ± 0.07
	0.15 ± 0.03
	9.1
	2.54
	1.58
	8.4



	Elm 700
	90.5 ± 0.7
	1.12 ± 0.11
	0.20 ± 0.01
	5.6
	2.56
	1.66
	318



	Elm 900
	94.9 ± 0.7
	0.55 ± 0.06
	0.33 ± 0.01
	1.4
	2.83
	1.90
	176



	Poplar 500
	89.3 ± 1.3
	2.72 ± 0.21
	<0.05 b
	6.1
	1.86
	1.42
	96



	Poplar 700
	89.1 ± 4.4
	1.52 ± 0.18
	<0.05 b
	7.4
	1.97
	1.66
	373



	Poplar 900
	96.5 ± 1.4
	0.69 ± 0.09
	0.07 ± 0.04
	0.5
	2.22
	1.94
	207







a calculated by difference. b result was below the 0.05% detection limit.
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