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Here we compare NH,™ and NO; ™ sorption rates to acid-washed biochars produced from red oak
(Quercus rubra) and corn stover (Zea mays) at three pyrolysis temperatures (400, 500 and 600 °C) and
arange of solution pHs (3.5-7.5). Additionally, we examined sorption mechanisms by quantification
of NH,* and NO;~ sorption, as well as Ca*" and Cl~ displacement for corn stover biochars. Solution pH
curves showed that NH, sorption was maximized (0.7-0.8 mgN g~!) with low pyrolysis temperature

. (400°C) biochar at near neutral pH (7.0-7.5), whereas NO;~ sorption was maximized (1.4-1.5mgN g~?)

- with high pyrolysis temperatures (600 °C) and low pH (3.5-4). The Langmuir (r*=0.90-1.00) and

. Freundlich (= 0.81-0.97) models were good predictors for both NH,* (pH 7) and NO;~ (pH 3.7)
sorption isotherms. Lastly, NH,™ and NO,~ displaced Ca?* and Cl—, respectively, from previously
CaCl,-saturated corn stover biochars. Results from the pH curves, Langmuir isotherms, and cation
displacement curves all support the predominance of ion exchange mechanisms. Our results
demonstrate the importance of solution pH and chemical composition in influencing NH,* and NO;~
sorption capacities of biochar.

. Anthropogenic perturbations to the nitrogen cycle have resulted in elevated concentrations of inorganic N in
. natural water bodies, threatening human health and aquatic ecosystems. Excess N predominately originates from
nitrogen fertilizers, animal manures, municipal waste, and chemical processing facilities — which either add NH,*
and NO;™ to soil or water directly, or contribute to their formation through biochemical mineralization and/or
. redox transformations. Furthermore, the addition of N to the environment from fertilizers and anthropogenic
: wastes indirectly exacerbates climate change by contributing to N,O emissions'2 Most available technologies for
removing ammonium (NH,") and nitrate (NO;~) from waters, such as membrane filtration and biological and
chemical treatments are expensive and/or inefficient at removing N*=>.
Biochar produced from the pyrolysis of biomass feedstocks has the potential to be a low cost and efficient
. sorbent for NH," and NO;~, through both soil applications and use in water treatment®-®. As a soil amend-
: ment, biochar may reduce NO;~ leaching and improve nitrogen use efficiency, which can increase crop yields**°.
. Furthermore, pyrolysis of biomass to produce bioenergy and biochar co-products is carbon-negative when appro-
. priate feedstocks and pyrolysis techniques are used, and hence use of biochar as a sorbent and soil amendment
© can help mitigate climate change!!-">.
A wide range in efficacy of different types of biochar for removal of NH,™ or NO;~ from various aqueous
: solutions has been observed”®!%, When co-composted with plant materials and manures, biochar has been shown
. to enhance NO;™ retention of compost and subsequently increase plant growth following application'®. Some
. biochars decrease NH,* and/or NO;~ leaching from soils under specific contexts (i.e., fertilizer type, soil type,
and leaching conditions), but these effects have been inconsistent across studies employing different biochars and
soils>!¢22, Such inconsistencies suggest underlying mechanisms which are context-sensitive. Biochar’s capacity to
sorb NH,* and NO;~ is often attributed to its physical (high surface area and porosity) and chemical (negatively
: and positively charged functional groups) properties, respectively?'; however evidence of mechanistic connec-
* tions between biochar properties is lacking and there is no consensus on if or when one mechanism can dominate
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over the rest. Thus, more fundamental research investigating mechanisms underlying NH," and NO;~ sorption to
biochars is needed in order to develop protocols for the production and use of biochar as an inorganic N sorbent.

Sorption of NH,* by biochars produced from diverse lignocellulosic feedstocks at a wide range of temper-
atures has been previously quantified using batch equilibration procedures®*-*. Ammonium sorption capac-
ity consistently increases with decreasing pyrolysis temperature for comparisons of biochars produced from a
common feedstock. However, comparing between studies, biochars produced from similar feedstocks at sim-
ilar temperatures do not always exhibit similar sorption behavior. For example, Wang et al.” report 0.86 and
0.58 mgg~! of NH,™-N sorption by maple hardwood biochar produced at 300 °C and 400 °C, respectively using a
80mL:1 g solution:biochar ratio; however, Hollister et al.?® report a sorption capacity of 0.01 mgg~" NH,"-N for
an oak biochar produced at 350 °C using a 100 mL:1 g solution:biochar ratio (both biochars were produced by
slow pyrolysis, and sorption was quantified from solutions containing 100 mg-N L™1). Gai et al.*® and Yang et al.”
investigated NH,"-N sorption on slow pyrolysis wheat straw biochars produced at 400-700°C, and 350 &
550°C, respectively - but reported substantially different model parameters for Langmuir and Freundlich iso-
therms. However, from these studies we can compile some interesting insights into sorption mechanisms. Yang
et al.®® examined the effects of solution pH and cation competition, and found that NH,* sorption increased
with increasing pH for all three biochars studied, but decreased when additional base cations were introduced®.
Likewise, Wang et al. (2015 and 2016) observed increased NH,* sorption to biochars after adjusting the solution
pH to 7224, Some of the inconsistencies in the literature may be attributed to differences in the concentration
of soluble base cations found in fresh (unwashed) biochars, which may compete with NH, " for sorption sites.
Additionally, most biochars contain soluble alkalis*’, which can influence solution pH during sorption meas-
urements. Gai et al.?® attempted removal of interfering compounds by acid washing three of twelve analyzed
biochars. In that experiment, wheat straw, peanut shell, and corn stover biochars produced at 500 °C sorbed
0.63, 0.73, and 2.12mg NH,"-N g~! before acid washing, respectively, and 0.27, 0.45 and 0.43 mg NH,"-N g™,
respectively, after acid washing%. Hence, acid washing decreased NH, " removal; however, the final solution pHs
were not reported and the effect of biochar pyrolysis temperature on sorption to acid-washed biochars was not
investigated. Thus, an overall trend for increased NH,* sorption with increasing solution pH and decreasing bio-
char pyrolysis temperature has emerged in the literature. However, no single study has systematically examined
the effects of biochar feedstock and pyrolysis temperature on sorption, while controlling for solution pH and
competing cations.

Although several studies have analyzed for NO;~ sorption to biochars***-2831, few studies report signifi-
cant sorption without chemical modification®?. Chintala et al. (2013) report up to 0.1 mgg~! of NO;~-N sorp-
tion to untreated fast pyrolysis biochars, as well as linearly decreasing sorption rates with increasing solution
pH, and decreased sorption in the presence of phosphate and sulfate. Gai et al.2® were unable to detect NO;~
sorption to untreated biochars, but after washing with water and acid, sorption increased to 0.021-0.032 and
0.037-0.058 mg g~! of NO;™-N, respectively. Neither study examined the effect of pyrolysis temperature on NO;~
sorption to acid-washed biochar. Together Chintala et al. (2013) and Gai et al.?® provide evidence for both pH
and competitive anion effects on NO;~ sorption to biochar. Neither study considered the effects of soluble anions
or alkalis found in the biochar on NO;~ sorption. Thus, no studies have systematically controlled both pH and
competitive anion effects in investigating NO; ™~ sorption by biochars.

Here we aim to investigate the effects of aqueous solution properties (pH and competitive ion concentrations)
and of biochar production parameters (feedstock and pyrolysis temperature) on NH, " and NO; ™~ sorption. We
hypothesize that, when controlling for differences in native soluble alkalis and ions found in biochar, (1) both
biochar feedstock and pyrolysis temperature will influence NH," and NO;~ sorption, (2) increasing solution pH
will increase NH,* sorption and decrease NO;~ sorption due to ion competition (with H* and OH", respectively)
and/or changes in surface charge, and (3) both NH,* and NO;~ sorption to biochar occur through competitive
electrostatic ion exchange mechanisms.

Methods

Biochar production. Red oak (Quercus rubra) and corn stover (Zea mays) feedstocks were slow-pyrolyzed
at 400, 500 and 600 °C to produce a total of six biochars. Slow pyrolysis was conducted in a N,-purged muffle
furnace (Thermo-Scientific; Lindberg/Blue M Moldatherm box furnace)2. About 500 g of each air-dry feedstock
(particle size < 2 mm) was placed into a steel box (24 cm x 14 cm x 15 cm) within the muffle furnace; an N, purge
line was inserted through the furnace and into the box, and the box was purged for 30 min at 1500 mL min~.
For the pyrolysis reaction, the purge rate was decreased to 40 mL min ™!, the furnace was initially heated at 10°C
min~’ to a temperature 100 °C below the target temperature (300 °C, 400 °C or 500 °C), held for 2 hr, and then
heated to the final temperature (e.g., 400, 500 and 600 °C) at 0.5 °C min~!32, The highest treatment temperature
was held for 2 hr, then the furnace was allowed to cool overnight under N,-purge (40 mL min™"). Following cool-
ing, all biochars were ground and sieved to <0.5 mm.

Acid washing and elemental analysis.  All biochars were acid-washed to remove soluble salts and alkalis
that could interfere with sorption analysis*****. Briefly, biochars were first acid washed by equilibrating with
0.05M HCI for 24 h to dissolve and remove soluble salts and alkalis. Subsequently, the biochars were washed
for 15min each with 1 M CaCl, twice (to ensure homogeneous ion saturation), then four times with ultra-pure
deionized water (18 MQ)) to remove excess salts. All washes were conducted in centrifuge tubes on a reciprocating
shaker using a 50 mL:1 g ratio of solution:biochar, and vacuum filtration (0.45 um nitrocellulose filter paper) to
remove the aqueous phase between wash steps. After the final wash, biochars were dried at 65°C for 72h.

A preliminary test was conducted to confirm the efficacy of this acid washing procedure by analyzing the
extracts of the 500 °C corn stover biochar conserved from each washing step (see ion displacement section
below). The 500 °C corn stover biochar was chosen because it was produced at the median pyrolysis temperature
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(for this study), and previous research showed that corn stover biochar usually has more soluble salts than
wood biochar®. Results showed that the initial HCI extract contained 14.2 mmol L™! base cations in total and
0.7mmol L~! other elements (P, S, Fe, Al, Cu and Zn), whereas the extract of the fourth water wash contained
0.058 and 0.116 mmol L™ of Ca and Na, respectively, and <0.02 mmol L™! total of all other analyzed elements (K,
Mg, P, S, Fe, Al, Cu and Zn). The efficacy of this washing procedure is also supported by previous evidence®**,
Henceforth these biochars will be referred to using an abbreviation consisting of letters representing their feed-
stock (RO and CS for red oak and corn stover, respectively), followed by a number representing the first digit of
their peak pyrolysis temperature (4, 5 and 6 for 400, 500 and 600 °C, respectively), and finally a “s” denoting “slow
pyrolysis” Total percent C, N, H and S of the acid-washed biochars were determined by combustion analysis
(Vario Microcube, Elementar).

Batch sorption experiment with varying solution pH. To determine the effect of solution pH, biochar
feedstock, and biochar pyrolysis temperature on NH," and NO;~ sorption to biochar, a batch sorption experi-
ment was conducted. For each of the six acid-washed biochars, 0.1 g was weighed into 40 mL centrifuge tubes
in duplicate with 25 mL of solution containing 10 ppm each of NH,"-N and NO;™-N, and a variable amount of
Ca(OH),. To make each solution, 10-20 mL of water was pipetted into to the tube, then 0-10 mL of standard-
ized 1 mmol L™ Ca(OH),, and finally 5mL of 3.75 mmol L~! NH,NO; solution (50 ppm each of NH,"-N and
NO;™-N). Adding the solutions in this order minimized the risk of NH; volatilization by allowing the acidic
biochars to react with the Ca(OH), prior to the addition of NH,*. The samples were equilibrated on a recipro-
cating shaker for 24 hr® and allowed to settle for 20-40 min. The sample supernatants were analyzed for pH,
then syringe filtered to <0.45 pm (nitrocellulose filter paper, VWR). The addition of Ca(OH), resulted in sample
supernatant pHs ranging from ~3.5 to 9. However, only samples with pH < 7.5 were used to avoid the potentially
confounding effects of NH; volatilization. Filtrates were either analyzed for NH," and NO; ™ the same day or
frozen until analysis. To measure NH, " and NO;~ concentrations, all filtrates were prepared with the Berthelot
and Griess-Ilosvay reagents, respectively, and analyzed colorimetrically using a microplate reader®. Preliminary
results showed that absorbances of controls, water-only biochar extracts without NH,NO; addition both with and
without the reagents added, were comparable with distilled water. Each sorption curve (N sorbed vs. pH) was fit
with linear, exponential, and power models in Excel; the models with the highest r* values were presented.

Batch sorption with varying N concentrations. A batch sorption experiment was conducted to con-
struct NH, " and NO; ™~ sorption isotherms for the corn stover biochars. Using results from the pH experiment
described above optimum conditions were identified, including the sorption pHs for each analyte and the amount
of Ca(OH), (1 mmol L™! solution) required to bring each biochar to that pH. Each of the three corn stover
biochars (0.1 g) was weighed into 50 mL centrifuge tubes. For each analyte, appropriate amounts of Ca(OH),
(7-8.1mL for NH,"; 0mL for NO;~) and water were added to each biochar sample, along with 1.25-10mL of
3.75mmol L™! NH,NO; solution (21 samples for each biochar-analyte combination; 126 samples total). Samples
were equilibrated, analyzed for pH, filtered, and then analyzed for NH," and NO; ™ as described above. When a
sample was found to have a final pH differing from the desired pH by more than 0.25 pH units, the sample was
discarded and a replacement sample was prepared from the same biochar. The resulting isotherms were fit using
both Freundlich and Langmuir models?*>.

lon displacement. To assess whether NH,* and NO,~ sorption to biochars occurs through an electrostatic
adsorption mechanism, filtrates from two selected biochars (previously acid-washed and CaCl,-saturated, see
above) were conserved from the sorption experiment described in the preceding paragraph, and analyzed for ions
displaced from the biochar. For NH,", the corn stover biochar that sorbed the most NH," was chosen, and fil-
trates were analyzed for Ca?* by inductively-coupled plasma optical emission spectroscopy (Thermo Scientific™
iCAP™ 7400 ICP-OES Analyzer). For NO; ™, the corn stover biochar that sorbed the most NO;~ was chosen, and
filtrates were analyzed for Cl~ colorimetrically (Seal Analytical method #EPA-105-A Rev. 5; equivalent to US EPA
method 325.2). These two biochars were chosen to ensure detection of ion displacement and maximize accuracy.
Net ion displacement associated with NH, ™ and NO;™~ adsorption was estimated by subtracting the background
ion desorption.

Statistical analyses. ANOVA and regression analyses were performed in SPSS. Regression analyses were
first performed in Excel and then verified in SPSS. Specifically, regression analyses were used to assess the cor-
relations between pH and sorption, displacement and sorption, and actual versus modeled sorption (using
Freundlich and Langmuir models). A two-way ANOVA was used to assess the effects of biochar feedstock and
pyrolysis temperature on sorption of NH," and NO; ™ to the biochars.

Results

Elemental composition of biochars. Major elemental composition of the six acid-washed biochars varied
with respect to both feedstock and pyrolysis temperature (Table 1). Consistent with the literature, red oak biochar
had higher %C, and lower %N and %S compared to the corn stover biochar produced at the same tempera-
ture’*-3%. Red oak biochar also had higher molar C:N ratios and lower H:C ratios compared with corn stover bio-
char. This agrees with previous observations of higher C content with increasing pyrolysis temperatures, which is
accompanied by decreasing H and %S content**-*. Because the analyzed biochar had been acid-washed, the %C
represents total organic C of the biochar, and the mass not accounted for by %C, N, H or S would be composed
of primarily SiO,, Fe, Al, and organic O%*. This remaining percent mass was higher for corn stover than red oak
biochar, and decreased with increasing pyrolysis temperatures. A decrease in O content with increasing pyrolysis
temperature is consistent with increased aromatization, and higher Si in corn stover biochar is consistent with
higher Si content of corn stover compared to wood>*340,
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RO4s 79.1%+1.1 0.2240.02 4.0740.03 0.0840.05 431433 | 0.617£0.005
ROS5s 86.14+0.8 0.2540.01 3.26+£0.03 0.02+0.01 409+22 | 0.45440.004
RO6s 91.6%0.5 0.3+0.05 2.4940.03 0.0140.01 370+68 | 0.326+0.003
CS4s 73.240.5 1.2+0.01 4.1410.04 0.11+0.06 71+1 0.678 £0.003
CS5s 78.7%0.2 1.15£0.01 3.13£0.03 0.0640.01 78+3 0.47640.003
CS6s 82.240.7 1.06 £0.05 2.314+0.03 0.0540.01 90+4 0.33840.003

Table 1. Total C, N, H and S concentrations (weight %) of the six acid-washed biochars, and their C:N and H:C
ratios (molar) (&s.d., n=3).
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Figure 1. Sorption of NH," to acid-washed (a) red oak and (b) corn stover biochars from 10 mgN L~! solutions
adjusted to various pHs using Ca(OH),.

Sorption of NH,™ and NO;~ to biochar from acidic to neutral solutions.  For both feedstocks, NH,*
sorption significantly increased with increasing solution pH and with decreasing pyrolysis temperature (Fig. 1).
A linear model provided the best fit for explaining variation in NH, " sorption with respect to pH (> = 0.80-0.99)
(due to acceptable fits [r?> > 0.7] for all curves using both linear and exponential models, we defer discussion
regarding the significance of best fit curve shapes to future studies). Without the addition of Ca(OH), to increase
the pH to >4, NH," sorption was negligible for all biochars (<0.02mgg™!). At pH 7, NH," sorption decreased
with increasing pyrolysis temperature for both feedstocks: the 400, 500 and 600 °C biochars sorbed 0.74-0.84,
0.25-0.42, and 0.14-0.23 mg NH,"-N g1, respectively. Within each feedstock, biochars produced at different
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Figure 2. Sorption of NO;™ to acid-washed (a) red oak and (b) corn stover biochars from 10 mgN L~! solutions
adjusted to various pHs using Ca(OH),.

temperatures had significantly different NH,* sorption rates (p < 0.01) - except CS4s and CS5s, which did not
have significantly different sorption rates (p > 0.05). The effect of feedstock on NH,* sorption at pH 7 was not
consistent; rather, red oak biochar showed a wider range of sorption (0.14 to 0.84 mg NH,"-N g!) compared with
corn stover biochar (0.23 to 0.74 mg NH,™-N g!) as biochar pyrolysis temperature increased from 400-600°C
(RO6s < CS6s < RO5s < CS5s < CS4s < RO4s). This effect of feedstock was significant among biochars produced
at 400 °C and 500 °C (p < 0.05), but not at 600 °C (p > 0.05). Thus, controlling for pH, both effects of pyrolysis
temperature (0.17-0.42mg NO;~-N g™! difference per 100 °C change in pyrolysis temperature) and feedstock
(0.004-0.45mg NO; -N g ! difference at a given temperature) were observed.

Opposite from NH, ", NO; ™~ sorption increased with decreasing solution pH and increasing pyrolysis temper-
ature (Fig. 2). Variation in NO;~ sorption with respect to pH was best fit with exponential models for 500-600°C
biochars (r*=0.93-0.99) and linear models for 400 °C biochars (r*=0.81-0.83). Sorption of NO;~ was highest
without addition of Ca(OH),; for all but one biochar (RO6s), sorption declined to < 0.05mg NO;~-N g~! when
sufficient Ca(OH), was added to achieve a pH of 7-7.5. The main effect of temperature and the feedstock x tempera-
ture interaction were significant (p < 0.05), but the main effect of feedstock was not significant (p > 0.05). At pH 3.7,
NO;~ sorption statistically increased with increasing pyrolysis temperature for both feedstocks, with the 400, 500
and 600 °C biochar removing 0.15-0.20, 0.49-0.85, and 1.35-1.49 mg NO;~-N g™, respectively. For all pyrolysis
temperatures, NO; ™~ sorption to corn stover biochar declined more rapidly with increasing pH than NO; ™~ sorption
to red oak biochar. Red oak biochar was equal to or superior to corn stover biochar for NO;~ sorption, and sorption
increased in the order CS4s < RO4s < RO5s < CS5s < RO6s < CS6s. The effect of feedstock on NO; ™ sorption was
significant for biochars produced at 400 °C and 600 °C (p < 0.01), but not for biochars produced at 500 °C (p > 0.05).
Thus, controlling for pH, both effects of temperature (0.6-1 mg NO,~-N g~! difference per 100 °C change in pyroly-
sis temperature) and feedstock (0.05-0.36 mg NO;~-N g~! difference at a given temperature) were observed.
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Figure 3. Sorption isotherms of (a) NH,* (pH 7) and (b) NO,~ (pH 3.7) for acid-washed corn stover biochars,
fit with the Langmuir model (C =final solution concentration; Q = final sorbed concentration). Error bars
indicate £s.d. (n=23).

Thus, NH, " and NO;~ sorption exhibits opposite trends with respect to biochar pyrolysis temperature and
pH: with increasing pyrolysis temperature and decreasing pH, NH,* sorption decreased whereas NO;~ sorp-
tion increased. The main effect of feedstock itself was not significant (p > 0.05). However, feedstock.x temper-
ature interactions are evident for sorption of both N-species at select pHs; for example, NO;~ sorption was
slightly higher for red oak biochar than corn stover biochar at 600 °C and slightly lower at 500 °C (no Ca(OH),
added) (p < 0.05). The effect of feedstock was largest for 500 °C biochars (RO5s and CS5s), which had NH,* and
NO;~ sorption differing by 0.21 and 0.36 mgN g !, respectively. Therefore, NH," and NO;™ sorption appeared
to be primarily a function of solution pH and biochar pyrolysis temperature, with a small but significant feed-
stock x temperature interaction effect (p < 0.05).

Sorption isotherms for corn stover biochars. Sorption of NH,* and NO;~ to corn stover biochar
increased from 2.5-20mgN L™! with increasing equilibrating solution concentration (Fig. 3) and were better
fit using Langmuir isotherm models (r>=0.89 to 0.99) compared with Freundlich isotherm models (r>=0.78 to
0.95) (Tables S1 and S2). Consistent with the pH curves, as pyrolysis temperature increased, NH," sorption (at
pH ~7) decreased and NO;~ sorption (at pH ~3.7) increased. For biochars with lower sorption capacities, often
<20% of the initial N was sorbed; therefore, we interpret curves showing low sorption efficiency with caution
(NH," sorption to CS5s and CS6s, and NO; ™~ sorption to CS4s) and emphasize sorption curves with higher effi-
ciencies in our interpretation of sorption mechanisms. Each Langmuir isotherm yielded equal or greater r? values
than respective Freundlich isotherms generated for the same biochar, including those with the highest sorption
rates (CS4s for NH, ™ and CS6s for NO;™) (r>=0.96 to 0.99 for Langmuir; r>=0.90 to 0.94 Freundlich). Sorption
capacities (S,,,) and binding energies (K) for NH,* did not show a consistent trend with pyrolysis temperature
(although both S, and K were higher for CS4s than CS6s); however, for NO;~, K increased consistently with
pyrolysis temperature. Thus, the sorption isotherm results were consistent with an effect of biochar pyrolysis
temperature as well as an ion exchange sorption mechanism for both sorbates.
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Figure 4. Displacement of (a) Ca?" during NH,* sorption to CS4s and (b) Cl~ during NO,~ sorption to CSés.

lon displacement from corn stover biochar.  Quantities of Ca** and Cl~ displaced from CS4s and CS6s
biochars were positively correlated (p < 0.001) with quantities of NH, " and NO;~ sorbed, respectively (Fig. 4) (see
Fig. 3 for corresponding sorption isotherms). The ratio of and Ca** displaced to NH," sorbed (meq g™': meqg™)
was 0.71 (r2=0.93) (Fig. 4a), and the ratio of Cl~, displaced to NO;~ sorbed was 0.87 (r*=0.98) (Fig. 4b). Thus,
there was a linear increase in counter-ion desorption for both N species, but the relationship between sorp-
tion and displacement was not stoichiometric (1:1). This observed displacement of counter-ions supports ion
exchange as the dominant mechanism for both NH,* and NO; ™, but the displacement ratio of less than 1:1 impli-
cates a potentially more complex (multi-mechanism) sorption reaction.

Discussion

Previous studies investigating NH,* and NO,~ sorption on biochars have yielded conflicting results, which may
have arisen due to the confounding influences of native alkalis and soluble salts in biochars. In order to dis-
entangle effects of biochar production parameters and solution pH on NH," and NO;~ sorption and to elucidate
sorption mechanisms, we analyzed NH,* and NO;~ sorption to six acid-washed and CaCl,-saturated biochars at
acidic to neutral solution pHs, and quantified counter ion displacement during NH," and NO;~ sorption. At the
time of writing, this is the first NH,* and NO;~ sorption study to control for both solution pH and competitive
ions. Results confirmed our hypotheses that biochar feedstock and pyrolysis temperature as well as solution pH
influence NH,™ and NO;~ sorption, and sorption occurs primarily through ion exchange. These hypotheses
were supported by: (1) decreasing NH,* and increasing NO;~ sorption with increasing biochar pyrolysis tem-
perature, (2) differences in sorption between red oak and corn stover biochars at most pyrolysis temperatures,
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(3) increasing NH, ™ and decreasing NO;~ sorption with increasing solution pH, (4) good fit of the Langmuir
isotherm, and (5) strong positive correlations between Ca?* and Cl~ displacement and NH, " and NO;~ sorption,
respectively.

In general, there are 4 major classes of mechanisms for describing ion sorption onto biochars: surface precip-
itation (salt precipitation), adsorbed chemically (chemical reaction with surface functional groups), entrapped
in the solution present in interior pores (physical absorption), or adsorbed electrostatically (cation or anion
exchange to charged functional groups on biochar surfaces)**2, Greater sorption capacity for NH, by lower
temperature biochars has been attributed to higher cation exchange capacities (CEC) - arising from greater con-
centrations of carboxylate groups, which provide negatively charged surface adsorption sites**-**. Despite incon-
sistent controls on pH and competing cations in the literature, the increasing NH, sorption with increasing pH
observed here is consistent with previous studies**-?. Recall that, under acidic conditions, ammoniacal-N exists
mainly as NH,"; however, at pH significantly greater than 7 the non-ionic form (NH;) becomes the dominant
species®. In addition, at lower pH values the ionic form NH," would compete with the increasing H' ion con-
centration for cation exchange sites. This does pose serious hurdles in interpreting the pH dependency, since
the mode of sorption can fundamentally change. In our experiment, the pH was limited to solely the acidic to
neutral region where the mechanism was assumed to involve solely the ionic NH,* species. The solution pH
controls important factors of surface charge of the sorbent, degree of ionization/speciation of the sorbate*!. For
example, carboxylic acid functional groups (pK, < 6.4) and lactones or lactols (6.4 < pK, < 10.3) on biochar sur-
faces would become deprotonated as pH increases, increasing the concentration of negatively charged cation
exchange sites’>*>*, Furthermore, functional group concentrations with pK, < 6.4 for acid-washed biochars pro-
duced using the same pyrolyzer and at similar temperatures to those analyzed here - likely to make the largest
contribution to sorption within the 3.7-7 pH range used here — were previously shown to be higher for biochars
produced at lower temperatures®***. Indeed, this finding is in agreement with the aforementioned studies report-
ing increasing carboxylic acid concentrations and/or CEC’s with decreasing pyrolysis temperature?-2%46-4_ A
cation exchange mechanism is further supported by the displacement of Ca*" in proportion with NH, sorption
(Fig. 4a). In this case, Ca?" was displaced by NH," sorption at a rate of 0.71:1; this rate of <1:1 may arise from a
secondary, less-dominant sorption mechanism co-occurring with cation exchange (it should be noted that Ca?*
and NH, " were the only cations analyzed, and hence trace quantities of cations left over from acid washing may
have competed for a small percentage of sorption sites). The comparable fits of the Langmuir and Freundlich
isotherms to NH, sorption curves for corn stover biochars further supports the possibility of multiple mecha-
nisms. The slightly better fit of the Langmuir isotherms may be the product of a dominant electrostatic adsorption
mechanism alongside another mechanism (Fig. 3a). Thus, the results of this study confirm that adsorption of
NH," to biochar occurs primarily through cation exchange on negatively charged biochar functional groups, and
is consequently maximized with lower pyrolysis temperatures, lower cation competition, and higher solution pH.

The NO;~ sorption and concurrent Cl~ displacement data measured here confirm that NO;~ sorption
increases with increasing biochar pyrolysis temperature and decreasing pH, likely reflecting an anion exchange
sorption mechanism. Nitrate sorption measured at pH 3.7+ 0.2 for corn stover biochar pyrolyzed at 500°C
(0.85mgN g 1) falls within the range reported by Gai et al.? and Chintala et al.* (0.45-2.5mgN g~') despite
inconsistent controls on pH and competing ions in previous studies. The pH curves, Langmuir isotherms
and Cl~ displacement data reported here together suggest that surface moieties sorb NO;~ through an anion
exchange mechanism. Increased anion exchange capacity (AEC) of biochar with increasing pyrolysis temperature
and decreasing pH has been reported by Lawrinenko et al.>. Lawrinenko et al. hypothesized that biochar AEC
resulted from oxonium and pyridinum groups. Oxonium groups provide pH-independent anion exchange sites;
however, at high pHs OH™ groups would compete with NO,™ for binding sites. Furthermore, non-bridging oxo-
nium groups are subject to nucleophilic attack by OH ", thereby decreasing AEC and NO;~ sorption. Competition
with other anions (PO~ and SO,*7) reported elsewhere* is in agreement with this anion exchange mechanism.
Here Cl~ was displaced by NO;~ sorption at a rate of 0.87:1, perhaps reflecting a secondary mechanism occurring
alongside anion exchange. It should be noted that only CI~ and NO;~ were analyzed, and hence trace amounts
of other anions remaining after acid-washing may have competed for sorption sites. Given the saturation with
Ca?*, some sorption via cation bridging may have occurred as well. Alternatively, small quantities of NO;~ could
have become entrapped in or precipitated in micro- or nanopores'>*!. Nevertheless, the results are consistent
with adsorption of NO;~ to biochar through an anion exchange mechanism, and indicate that NO;~ sorption is
consequently maximized with higher pyrolysis temperatures, reduced anion competition, and lower solution pH.

The contrasting responses of NH,* and NO; ™~ sorption to pyrolysis temperature and solution pH have impli-
cations for the use of biochar for N pollution mitigation. A trade-off between NH," and NO;~ sorption capacity
is apparent. In other words, a single biochar cannot be simultaneously optimized for sorption of both N species.
Furthermore, due to the pH sensitivity of N sorption, NH," and NO;™~ sorption cannot be simultaneously opti-
mized at any given pH. These trade-offs present a challenge, but also an opportunity to tailor biochars to specific
applications. For example, low temperature biochars might be produced for enhancing NH,* sorption, and their
performance would be optimal under slightly acidic to neutral conditions (pH 6-7.5). Use in more alkaline sys-
tems (pH > 7.5) may be effective, but the alkaline environment promotes ammonia volatilization and consequen-
tial loss of sorbed NH,*. By contrast, a high temperature biochar would be desirable for retention of NO;~, and its
performance would be optimized in acidic environments (pH < 6). In this study, feedstock effects were relatively
small in comparison to pyrolysis temperature and pH effects, but analysis of biochars produced from a more
diverse suite of feedstocks - including manures and nut shells, for example — may yet reveal significant feedstock
trade-offs. Moreover, there is evidence that competitive ions in solution will influence overall sorption capacity,
as observed in the low affinity of the sorbate (nitrate or ammonium; Freundlich n < 1) and in the displacement of
counter-ions (Fig. 4, Tables S1 and S2). Consequently, biochar pyrolysis temperature, biochar alkalinity, soluble
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ash composition, and soil pH may explain a large proportion of variability in the literature examining biochar
impacts on the N cycle and crop production®'®*!,

The sensitivity of biochar NH,™ and NO;~ sorption to pH and competitive ions necessitates a closer exam-
ination of their roles in studies examining biochar impacts on N cycling. In N sorption studies, meaningful
direct comparisons cannot be made among biochars with varying pH and ash contents. Both alkalis and salts will
influence N sorption in the short-term, and their influence will likely diminish over time in applications where
these soluble biochar components are leached by water, rendering short-term sorption studies with untreated
biochars misrepresentative of actual field conditions. Therefore, we strongly recommend accounting for both
soluble alkalis and salts when comparing ion sorption capacities of biochars, as appropriate to the hypothesis of
interest. Acid-washing of biochars provides a valuable approach to generating more meaningful comparisons of
behaviors and related biochar properties among diverse biochars in basic research experiments. Without such
pre-treatments, biochar alkalis and soluble salt concentrations — both shown to increase with increasing pyroly-
sis temperature®®>? — may produce systematic underestimates in measured sorptive capacities, and furthermore
diminish the apparent effect of biochar pyrolysis temperature. On the other hand, the efficacy of biochars in com-
plex chemical environments as encountered in soils, storm water, and natural effluents will undoubtedly depend
on how sorbates of interest compete with other ions in solution at various pHs. Overall, more applied research
is needed to demonstrate effective use of biochars for diverse real-world purposes, and reactive biochar compo-
nents — especially soluble salts and alkalis — must be considered at all stages of biochar research and development.

To conclude, this study demonstrates that NH, ™ and NO;™~ sorption vary as opposite functions of biochar
pyrolysis temperature and solution pH, and are also influenced by biochar feedstock and competing ion concen-
tration. Results were consistent with a predominant ion exchange mechanism of sorption, indicating that solution
pH and ion concentration must be controlled to enable accurate comparisons across different studies. Although
these findings present challenges to experimental design, data interpretation, and the practical use of biochar as
a whole, they also represent an opportunity to engineer specialized biochars and optimize their use for diverse
applications.

References

1. Davidson, E. A. The contribution of manure and fertilizer nitrogen to atmospheric nitrous oxide since 1860. Nat. Geosci. 2, 659-662 (2009).

2. Reay, D. S. et al. Global agriculture and nitrous oxide emissions. Nat. Clim. Chang. 2, 410-416 (2012).

3. Guan, X. et al. The limitations of applying zero-valent iron technology in contaminants sequestration and the corresponding
countermeasures: The development in zero-valent iron technology in the last two decades (1994-2014). Water Res. 75, 224-248 (2015).

4. Chintala, R. et al. Nitrate sorption and desorption in biochars from fast pyrolysis. Microporous Mesoporous Mater. 179, 250-257 (2013).

5. Mook, W. T. et al. Removal of total ammonia nitrogen (TAN), nitrate and total organic carbon (TOC) from aquaculture wastewater
using electrochemical technology: A review. Desalination 285, 1-13 (2012).

6. Clough, T., Condron, L., Kammann, C. & Miiller, C. A Review of Biochar and Soil Nitrogen Dynamics. Agronomy 3, 275-293 (2013).

7. Sarkhot, D. V., Ghezzehei, T. A. & Berhe, A. A. Effectiveness of Biochar for Sorption of Ammonium and Phosphate from Dairy
Effluent. J. Environ. Qual. 42, 1545 (2013).

8. Tian, J. et al. Nutrient release and ammonium sorption by poultry litter and wood biochars in stormwater treatment. Sci. Total
Environ. 553, 596-606 (2016).

9. Major, J., Steiner, C., Downie, A. & Lehmann, J. In Biochar for Environmental Management (eds Lehmann, J. & Joseph, S.) 271-288
(Earthscan, 2009).

10. Biederman, L. A. & Harpole, W. S. Biochar and its effects on plant productivity and nutrient cycling: a meta-analysis. GCB Bioenergy
5,202-214 (2013).

11. Laird, D. A. The charcoal vision: A win-win-win scenario for simultaneously producing bioenergy, permanently sequestering
carbon, while improving soil and water quality. Agron. J. 100, 178 (2008).

12. Lal, R. In Agricultural and Environmental Applications of Biochar: Advances and Barriers 63, 175-198 (Soil Science Society of
America, Inc., 2016).

13. Li, W,, Dang, Q., Brown, R. C,, Laird, D. & Wright, M. M. The impacts of biomass properties on pyrolysis yields, economic and
environmental performance of the pyrolysis-bioenergy-biochar platform to carbon negative energy. Bioresour. Technol. 241,
959-968 (2017).

14. Ahmad, M. et al. Biochar as a sorbent for contaminant management in soil and water: A review. Chemosphere 99, 19-23 (2014).

15. Hagemann, N. et al. Nitrate capture and slow release in biochar amended compost and soil. PLoS One 12 (2017).

16. Giierena, D. et al. Nitrogen dynamics following field application of biochar in a temperate North American maize-based production
system. Plant Soil 365, 239-254 (2013).

17. Haider, G., Steffens, D., Moser, G., Miiller, C. & Kammann, C. I. Biochar reduced nitrate leaching and improved soil moisture
content without yield improvements in a four-year field study. Agric. Ecosyst. Environ. 237, 80-94 (2017).

18. Sika, M. P. & Hardie, A. G. Effect of pine wood biochar on ammonium nitrate leaching and availability in a South African sandy soil.
Eur. ]. Soil Sci. 65, 113-119 (2014).

19. Yao, Y., Gao, B., Zhang, M., Inyang, M. & Zimmerman, A. R. Effect of biochar amendment on sorption and leaching of nitrate,
ammonium, and phosphate in a sandy soil. Chemosphere 89, 1467-1471 (2012).

20. Fidel, R. B. Biochar properties and impact on soil CO2 and N20 emissions. (Iowa State University, 2015).

21. Laird, D. A. & Rogovska, N. In Biochar for Environmental Management 519-540 (Earthscan, 2014).

22. Ding, Y. et al. Evaluation of biochar effects on nitrogen retention and leaching in multi-layered soil columns. Water, Air, Soil Pollut.
213, 47-55 (2010).

23. Wang, B, Lehmann, J., Hanley, K., Hestrin, R. & Enders, A. Ammonium retention by oxidized biochars produced at different
pyrolysis temperatures and residence times. RSC Adv. 6, 41907-41913 (2016).

24. Wang, B., Lehmann, J., Hanley, K., Hestrin, R. & Enders, A. Adsorption and desorption of ammonium by maple wood biochar as a
function of oxidation and pH. Chemosphere 138, 120-126 (2015).

25. Yang, H. I et al. Adsorption of ammonium in aqueous solutions by pine sawdust and wheat straw biochars. Environ. Sci. Pollut. Res.,
https://doi.org/10.1007/s11356-017-8551-2 (2017).

26. Gai, X. et al. Effects of feedstock and pyrolysis temperature on biochar adsorption of ammonium and nitrate. PLoS One 9, 1-19 (2014).

27. Hale, S. E. et al. The sorption and desorption of phosphate-P, ammonium-N and nitrate-N in cacao shell and corn cob biochars.
Chemosphere 91, 1612-1619 (2013).

28. Hollister, C. C., Bisogni, J. J. & Lehmann, J. Ammonium, nitrate, and phosphate sorption to and solute leaching from biochars
prepared from corn stover (Zea mays L.) and oak wood (Quercus spp.). J. Environ. Qual. Qual. 42, 137 (2013).

SCIENTIFIC REPORTS |

(2018) 8:17627 | DOI:10.1038/s41598-018-35534-w 9


http://dx.doi.org/10.1007/s11356-017-8551-2

www.nature.com/scientificreports/

29. Zeng, Z. et al. Sorption of ammonium and phosphate from aqueous solution by biochar derived from phytoremediation plants. J.
Zhejiang Univ. Sci. B 14, 1152-1161 (2013).

30. Fidel, R. B,, Laird, D. A., Thompson, M. L. & Lawrinenko, M. Characterization and quantification of biochar alkalinity. Chemosphere
167, 367-373 (2017).

31. Hafshejani, L. D. et al. Removal of nitrate from aqueous solution by modified sugarcane bagasse biochar. Ecol. Eng. 95,101-111 (2016).

32. Brewer, C. E. et al. Temperature and reaction atmosphere effects on the properties of corn stover biochar. Environ. Prog. Sustain.
Energy, https://doi.org/10.1002/ep.12503 (2016).

33. Fidel, R. B,, Laird, D. A. & Thompson, M. L. Evaluation of modified boehm titration methods for use with biochars. J. Environ. Qual.
42,1771-1778 (2013).

34. Hood-Nowotny, R., Umana, N. H.-N,, Inselbacher, E., Oswald- Lachouani, P. & Wanek, W. Alternative methods for measuring
inorganic, organic, and total dissolved nitrogen in soil. Soil Sci. Soc. Am. J. 74,1018 (2010).

35. Chintala, R., Mollinedo, J., Schumacher, T. E., Malo, D. D. & Julson, J. L. Effect of biochar on chemical properties of acidic soil. Arch.
Agron. Soil Sci. 60, 393-404 (2013).

36. Rutherford, D. W, Wershaw, R. L., Rostad, C. E. & Kelly, C. N. Effect of formation conditions on biochars: Compositional and
structural properties of cellulose, lignin, and pine biochars. Biomass and Bioenergy 46, 693-701 (2012).

37. Keiluweit, M., Nico, P. S., Johnson, M. & Kleber, M. Dynamic molecular structure of plant biomass-derived black carbon (biochar).
Environ. Sci. Technol. 44, 1247-1253 (2010).

38. Krull, E. S,, Baldock, J. A., Skjemstad, J. O. & Smernik, R. J. In Biochar for Environmental Management (eds Lehmann, J. & Joseph,
S.) 53-66 (Earthscan, 2009).

39. Brewer, C. E., Unger, R., Schmidt-Rohr, K. & Brown, R. C. Criteria to select biochars for field studies based on biochar chemical
properties. BioEnergy Res. 4, 312-323 (2011).

40. Brewer, C. E., Schmidt-Rohr, K., Satrio, J. A. & Brown, R. C. Characterization of biochar from fast pyrolysis and gasification systems.
Environ. Prog. Sustain. Energy 28, 386-396 (2009).

41. Haider, G, Steffens, D., Miiller, C. & Kammann, C. I. Standard Extraction Methods May Underestimate Nitrate Stocks Captured by
Field-Aged Biochar. J. Environ. Qual. 0,0 (2016).

42. Noel, J. D., Biswas, P. & Giammar, D. E. Evaluation of a sequential extraction process used for determining mercury binding
mechanisms to coal combustion byproducts. J. Air Waste Manage. Assoc. 57, 856-867 (2007).

43. Maranén, E., Ulmanu, M., Fernandez, Y., Anger, I. & Castrillon, L. Removal of ammonium from aqueous solutions with volcanic
tuff. J. Hazard. Mater. 137, 1402-1409 (2006).

44. Oguz, E. Removal of phosphate from aqueous solution with blast furnace slag. J. Hazard. Mater. 114, 131-137 (2004).

45. Contescu, A., Vass, M., Contescu, C., Putyera, K. & Schwarz, ]. A. Acid buffering capacity of basic carbons revealed by their
continuous pK distribution. Carbon N. Y. 36, 247-258 (1998).

46. Kloss, S. et al. Characterization of Slow Pyrolysis Biochars: Effects of Feedstocks and Pyrolysis Temperature on Biochar Properties.
Journal of Environment Quality 41,990 (2012).

47. Mukherjee, A., Lal, R. & Zimmerman, A. R. Effects of biochar and other amendments on the physical properties and greenhouse gas
emissions of an artificially degraded soil. Sci. Total Environ. 487, 26-36 (2014).

48. Bakshi, S., Aller, D. M., Laird, D. A. & Chintala, R. Comparison of the Physical and Chemical Properties of Laboratory and Field-
Aged Biochars. J. Environ. Qual., https://doi.org/10.2134/jeq.2016.02.0062 (2016).

49. Chen, Z., Xiao, X., Chen, B. & Zhu, L. Quantification of Chemical States, Dissociation Constants and Contents of Oxygen-containing
Groups on the Surface of Biochars Produced at Different Temperatures. Environ. Sci. Technol. 49, 309-17 (2015).

50. Lawrinenko, M. & Laird, D. A. Anion exchange capacity of biochar. Green Chem. 17, 4628-4636 (2015).

51. Cayuela, M. L. et al. Biochar’s role in mitigating soil nitrous oxide emissions: A review and meta-analysis. Agric. Ecosyst. Environ.
191, 5-16 (2014).

52. Silber, a, Levkovitch, I. & Graber, E. R. pH-Dependent Mineral Release and Surface Properties of Cornstraw Biochar: Agronomic
Implications. Environ. Sci. Technol. 44, 9318-9323 (2010).

Acknowledgements

Funding for this research was provided by the Global Climate and Energy Project, Stanford Subaward Agreement
No. 640 60413992-112883-A. We also acknowledge Samuel Rathke and Chumki Banik for assistance with sample
preparation and analysis, Leigh Long for assistance with chloride analysis, and Mark Bogstrom and Mohammad
Torabi for assistance with statistical analyses.

Author Contributions
The manuscript and figures were prepared by R.B.F. with contributions from D.A.L. and K.A.S. involving
numerous discussions and feedback regarding the results and manuscript text.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35534-w.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

2 License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS|  (2018)8:17627 | DOI:10.1038/s41598-018-35534-w 10


http://dx.doi.org/10.1002/ep.12503
http://dx.doi.org/10.2134/jeq.2016.02.0062
http://dx.doi.org/10.1038/s41598-018-35534-w
http://creativecommons.org/licenses/by/4.0/

	Sorption of ammonium and nitrate to biochars is electrostatic and pH-dependent

	Methods

	Biochar production. 
	Acid washing and elemental analysis. 
	Batch sorption experiment with varying solution pH. 
	Batch sorption with varying N concentrations. 
	Ion displacement. 
	Statistical analyses. 

	Results

	Elemental composition of biochars. 
	Sorption of NH4+ and NO3− to biochar from acidic to neutral solutions. 
	Sorption isotherms for corn stover biochars. 
	Ion displacement from corn stover biochar. 

	Discussion

	Acknowledgements

	Figure 1 Sorption of NH4+ to acid-washed (a) red oak and (b) corn stover biochars from 10 mg N L−1 solutions adjusted to various pHs using Ca(OH)2.
	Figure 2 Sorption of NO3− to acid-washed (a) red oak and (b) corn stover biochars from 10 mg N L−1 solutions adjusted to various pHs using Ca(OH)2.
	Figure 3 Sorption isotherms of (a) NH4+ (pH 7) and (b) NO3− (pH 3.
	Figure 4 Displacement of (a) Ca2+ during NH4+ sorption to CS4s and (b) Cl− during NO3− sorption to CS6s.
	Table 1 Total C, N, H and S concentrations (weight %) of the six acid-washed biochars, and their C:N and H:C ratios (molar) (±s.




