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Abstract. The pollution of freshwater by agricultural
wastewater is a global threat to ecosystem and human
health. The wastewater is mainly disposed of via land ap-
plication and is a significant source of nutrients such as ni-
trate (NO5"), ammonium (NH4") and phosphate (PO4>") in
surface and groundwater. We have demonstrated here the
sorption of NH4* and PO4* onto biochar (black carbon) as
a promising mitigation method. Biochar is a low-cost,
charcoal-like material made from pyrolysis of waste bio-
mass. It can remove nutrients from wastewater and retain
nutrients in soils. However, most biochars are poor at
PO,* removal. Recently, biochars modified with metals
have been shown to be effective for removing PO4> from
wastewater. Little is known about the relative effective-
ness of metal modified biochars for both NH4" and POs*
removal from wastewater. The goal of this study was to
evaluate the relative effectiveness of metal modified bio-
chars for removing NH4" and PO4* from swine
wastewater. Solutions of Aluminum (Al), Calcium (Ca),
Iron (Fe), and Magnesium (Mg) salts were used to modify
peanut shell biochar (PSB). Batch sorption tests were used
to compare the effectiveness of the modified PSB for re-
moval of NHs" and PO,*" from wastewater and PO4> from
the prepared solutions. All of the modified PSB’s except
the Ca-PSB showed high PO4* removal. The Al-PSB
showed the highest PO’ removal efficiency from aqueous
solutions of PO4*, while the Mg-PSB was the best sorbent
produced; showing not only high removal of PO4* from
wastewater, but also enhanced removal of NH4" compared
to the unmodified PSB. Fe-PSB showed decreased adsorp-
tion of NH4", suggesting iron modification can decrease a
biochar’s NH," removal ability. After wastewater treat-
ment, the spent biochar could be applied to soils to in-
crease nutrient holding capacity and soil fertility.

INTRODUCTION

In recent years, as Concentrated Animal Feeding Opera-
tions (CAFO’s) have become the dominant method of
meat production in the developed world, the amount of nu-
trients from agricultural wastewater (WW) entering water-
ways has steadily increased (Walker et al., 2005). Nutri-
ents in CAFO WW include nitrogen and phosphorus in the
forms of nitrate, ammonium and phosphate. CAFO WW is
commonly disposed of via land application on agricultural
fields (Burkholder et al., 2007). Nutrient ions that supply

bioavailable forms of Nitrogen (N) and Phosphorus (P)
easily leach into runoff and groundwater from fields dur-
ing rain events (Walker et al., 2005) (Carpenter et al.,
1998) (Burkholder et al., 2007). Once these nutrients reach
waterways, problems such as algae blooms, eutrophica-
tion, and dead zones occur. These result in massive fish
kills, aquatic ecosystem collapses, and losses in biodiver-
sity (Carpenter et al., 1998). At the same time, contamina-
tion of freshwater resources with these nutrients degrades
drinking water sources for humans and makes purifying
water for drinking more expensive and difficult (Goodrich
etal., 1991).

Because this pollution is non-point source, it is difficult
and expensive to treat or clean up (Carpenter et al., 1998).
However, CAFO WW can be treated before land applica-
tion, thereby preventing the creation of non-point source
pollution. A variety of physical, chemical, and biological
treatment methods have been devised for removing these
nutrients from CAFO WW, but these are often expensive
and unavailable to some farmers (Szogi et al., 2003). Bio-
char has been shown to effectively remove some of these
contaminants from CAFO WW via adsorption (Ahmed et
al., 2016).

Biochar is a cheap and renewable charcoal-like adsorbent
(black carbon) generated via pyrolysis of biomass. It can
easily be made in situ from agricultural residue or any
source of waste biomass (Ahmad et al., 2013). Biochar has
been shown to efficiently remove cations from water, such
as ammonium or certain metal ions, but has demonstrated
little to no anion sorption capabilities (Hale et al., 2013).
This is due to the prevalence of negatively charged func-
tional groups on the surface of the biochar, which prefer-
entially attract and complex with cations (Ding et al.,
2014).

Biochar can be modified to manipulate the speciation and
abundance of the functional groups that control adsorption
using chemical activation or modification treatments. Re-
cent advances in modification of biochar have produced
biochars with enhanced abilities to remove ammonium,
phosphate, and nitrate (Rajapaksha et al., 2016). In gen-
eral, oxidation of biochar surfaces increases adsorption of
cations such as ammonium, while metal modification in-
creases adsorption of anions (Rajapaksha et al., 2016)



(Wang et al., 2016) (Hestrin et al., 2019). Metal modifica-
tion attaches metal oxy-hydroxide functional groups to the
surfaces of the biochar. This metal impregnation of bio-
char effectively increases the phosphate sorption capacity
of the biochar (Rajapaksha et al., 2016).

Metal modification of biochars has some limitations; the
impregnation procedure is costly and requires special
chemicals (Ahmed et al., 2016) (Sizmur et al., 2017).
There is a need for further research on developing metal
impregnated biochars for cost-effective removal of N and
P from CAFO and other nutrient rich wastewaters. Also,
more work must be done to understand the impact of metal
modification on removal of cations in the wastewater. The
purpose of this work was to compare the NHs" and POs>
removal capacities of Aluminum, Calcium, Magnesium,
and Iron modified peanut shell biochar, and identify the
most effective of the metal-modified biochars for simulta-
neous removal of both contaminants in a realistic
wastewater treatment scenario.

MATERIALS AND METHODS

Peanut Shell Pellet Biochar (PSB) was obtained via pyrol-
ysis of the pellets at 500°C for 1 hr in a muffle furnace un-
der N, atmosphere. Anaerobically digested swine
wastewater (CAFO WW) was obtained at the UGA Swine
farm in Winterville, GA. The CAFO WW was filtered
through coffee filters and stored at 4°C until use. All rea-
gent solutions in this work were prepared using distilled
water, except for aqueous solutions of disodium phosphate
that were prepared using DI water.

The metal-modified biochars used in the CAFO WW sorp-
tion experiments were subjected to ~ 40°C higher oven
drying temperatures than the modified biochars used in the
prepared aqueous solution PO4> experiments due to a mal-
functioning dial setting on the lab oven. A sample of Fe-
PSB made at the correct drying temperature of 105°C
(105°C-Fe-PSB) was included for reference in the array of
modified biochars used in the CAFO WW sorption testing.
Further work will use biochars dried at the temperatures
used in the procedures below.

Biochar Modification

All PSB samples were initially air dried for 24 hours and
then crushed and sieved to 106 um <x < 1.19 mm. To
produce Unmodified PSB (UM-PSB), PSB was rinsed 10
times with distilled water, wet sieved to 38 um <x < 1.19
mm, and then oven dried at 105°C for 24 hrs. Mg-PSB and
Ca-PSB were prepared using a modified version of the
procedures used in Xia et al., 2016, and Zhang et al., 2013.
Al-PSB was prepared using a modified version of the pro-
cedure used in Ganvir et al., 2011, and Chen et al., 2016.

To produce Mg-PSB, Ca-PSB and Al-PSB, the PSB rinsed
with hot water and dried was mixed with 0.5 M of the cor-
responding metal chloride solution in a beaker for 12 hrs.
The solution pH was adjusted to 10 (pH 7 for AL-PSB)

with 1.0 M NaOH (or 1.5 M NaOH for the Al-modifica-
tion). The pH adjustment also precipitated the metal oxy-
hydroxides on the PSB surface. The concentration of PSB
in each preparation was 10 mg/L. The mixture was stirred
continuously for 12 more hrs, allowed to equilibrate for 24
hrs and then oven dried at 110°C for 24 hrs. After drying,
the modified PSBs were rinsed 10 times with distilled wa-
ter, wet-sieved to 38 um < x < 1.19 and oven dried at
105°C for 24 hrs.

Fe-PSB was produced using a modified version of the pro-
cedure used in Hu et al., 2015. The PSB rinsed with hot
water and dried was mixed with 0.5 M Ferric Chloride so-
lution in a beaker for 12 hrs. The mixture was oven dried
at 110°C for 24 hrs to precipitate Fe-oxy-hydroxide on the
biochar surface. The dried Fe-PSB was rinsed ten times
with distilled water, wet-sieved to 38 pm < x < 1.19 before
oven dried at 105°C for 24 hrs. Each dried metal-PSB was
stored in a sealed glass jar until ready for use in the batch
sorption experiments.

Batch Sorption Procedure

Batch sorption of NH4" and PO4* by un-modified and the
metal modified biochars was measured in CAFO WW.
The removal of PO4* only was also measured in aqueous
solutions of disodium phosphate. The different batch sorp-
tion tests performed, the mass of solids, and the initial
concentration of each nutrient (NH4* and PO4+*) in solution
are shown in Table 1. Plastic centrifuge tubes with a nomi-
nal volume of 50 mL were used in all tests. All tests used
40 mL of the nutrient rich wastewater. The CAFO WW
batch sorption tests were performed in triplicates. Batch
sorption measurements of PO4* in disodium phosphate so-
lutions of 0, 26, and 68 mg/L Total P (initial concentra-
tions) were conducted in replicates with a solid mass (un-
modified or metal modified PSB) of 0.5 g.

The prepared samples and their corresponding controls
were placed on a rotating mixer (3.3 rpm) and incubated
for 24 hours at room temperature (23°C). At the end of the
incubation period, the samples were centrifuged at 2000
rpm for 20 min. The supernatant was then decanted off,
filtered through 0.45 pm filters to remove any colloids.
The solutions were immediately delivered to the UGA Ag-
ricultural and Environmental Services Lab to be analyzed
for total Phosphorus and NH4" using UV-Vis Spectros-

copy.
Data Analysis
The amount of NH4" or PO4* (as Total P) adsorbed onto
the biochar at equilibrium was calculated using
(Co_ Ce)V
Qe = — 1

where ¢. is the amount adsorbed after 24 hrs equilibration
(mg nutrient/kg biochar), C, is the initial concentration
(mg/L), C. is the equilibrium concentration (mg/L), V'is
the volume of solution (L), and M is the biochar mass (kg).



Each value for g, shown in the below figures is calculated
from the averaged values of the initial and equilibrium
concentrations of the triplicate or replicates. Error bars
show a 95% Confidence Interval. If error bars between
two modified biochars do not overlap for the Figures
shown below, then a statistically significant difference ex-
ists between their values for adsorption, g., of a contami-
nant.

Table 1 shows the initial concentrations (C,) of NH4-N
and Total P in the CAFO WW and Pure phosphate solu-
tions, as well as the masses of biochar used in each test,
sample sizes (n), and confidence intervals (CI) of each
batch sorption experiments.

Table 1. Parameters of batch sorption tests

NH4-N Total P Biochar
Round (mg/l) (mgL) mass (g) Stats
CAFO R, _
137870 19.19 2.00 "
(UM, Fe : : . .
105°C) 95% CI
CAFOR; n=3,
1391.09 23.90 2.00
(Al, Ca) 95% CI
CAFOR; n=3,
1111.67 27.69 2.00
(Fe, Mg) 95% CI
n=2,
Na2HPO4 R, n/a 26.28 0.500
95% CI
n=2,
Na2HPO4 R; n/a 68.45 0.500
95% CI
RESULTS AND DISCUSSION

The removal of NH4* and PO4** from CAFO WW by dif-
ferent metal modified peanut shell biochars are shown in
Figure 1 and Figure 2, respectively. The effects of metal
modification of biochar on removal of PO4** from

prepared aqueous solutions are shown below in Figure 3.
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Figure 1. Adsorption of ammonium (NH4-N) in CAFO WW by un-
modified and metal modified biochars dried at 145°C.
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Figure 2. Adsorption of PO4> (Total P) in CAFO WW by metal
modified biochars dried at 145°C.
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Figure 3. Adsorption of PO,** (Total P) in prepared aqueous solu-
tions by unmodified and metal modified biochars dried at 105°C.
Results for tests conducted at two different concentrations of PO4>
(26.28 and 68.45 ppm) are shown.

Batch sorption of NHs" and PO4* in CAFO wastewater

Figure 1 shows no enhanced adsorption of NH4" Al-PSB
and Fe-PSB over UM-PSB. The adsorption of NH4" by Fe-
PSB dried at 105°C and 145°C, respectively was similar
and lower than for UM-PSB, indicating that Fe modifica-
tion may instead inhibit the adsorption of NH4" by some
metal impregnated PSB. The latter decrease in adsorption
we observed could be attributed to changes in the compo-
sition of functional groups and/or hinderance of some
sorption sites by the precipitated iron oxy-hydroxides on
the Fe-PSB surface and pores. Further research is needed
to confirm and better understand this finding. A decrease
in adsorption of phosphate by H,O»-oxidized biochars was
reported by Mia et al., 2017.

The adsorption of NH4" by Ca-PSB and Mg-PSB in-
creased significantly (Figure 1). Specifically, Mg-PSB re-
moved about 29% of the NH4" in the CAFO WW com-
pared to 10% removal by UM-PSB. This finding agrees
with the results of Li et al., 2017, who observed that Mg-
biochar was most effective for removing NH," from swine



wastewater. The increased removal of NH4" by Ca-PSB is
a potentially new finding that may open future directions
of research into cheap calcium-modified biochars for re-
moval of NH4" and other cations from wastewater. The
precipitation of struvite or related compounds that contain
ammonium, phosphate, and divalent base cations is the
most likely explanation for the increased NH4" removal.
Future work will focus on better understanding the adsorp-
tion mechanisms of NH4" by Mg-PSB and Ca-PSB.

Figure 2 shows the relative adsorption of POs*from
CAFO WW by the unmodified and the different metal
modified biochars. All of the modified biochars exhibited
significantly higher PO4* removal than the unmodified bi-
ochar. Of the metal modified biochars, Ca-PSB exhibited
the lowest PO4* removal from solution, while Mg-PSB,
Fe-PSB and Al-PSB showed the highest sorption capaci-
ties. It should be noted that the Mg-PSB and Al-PSB treat-
ments removed close to 100% of the Total P from the
CAFO WW, indicating that they were the best sorbents for
P removal, and could possibly exhibit much higher sorp-
tion, if the PO4> concentration in solution was higher. Fu-
ture tests will focus on measuring the maximum loading
capacity of POs>" in CAFO WW for Mg-PSB and Al-PSB.

The adsorption of PO4** by the Fe-PSB dried at 105°C was
significantly less than for the Fe-PSB dried at 145°C. This
suggests that the drying temperatures for Fe-PSB prepara-
tion may determine the effectiveness of Fe-PSB as a filtra-
tion media for PO4>. It is highly likely that the concentra-
tion of colloids in CAFO WW will adversely affect sorp-
tion of the nutrients. Thus, we performed addition sorption
tests in relatively pure aqueous solutions of PO4* de-
scribed below.

Batch sorption of PO,* in prepared aqueous solution

Figure 3 shows the equilibrium PO4*" adsorption values of
the highest performing modified biochars (dried at 105°C)
compared to the UM-PSB control in pure solutions of
Na;HPOjs at about the same concentration of Total P as the
CAFO WW (26.28 mg/L) and at a significantly higher
PO.4* concentration of 68.45 mg/L.

The UM-PSB control showed very little or no sorption of
PO,* from the solution. At the low and high initial PO4*"
concentration in solution, a significant difference in sorp-
tion effectiveness was observed among the different bio-
chars. The relative sorption effectiveness of the different
biochar was Al-PSB > Mg-PSB > Fe-PSB > UM PSB. It
should be noted that the Al-PSB treatment removed close
to 100% of Total P at both concentrations. The latter re-
sults agree with the results of the CAFO WW experiments
and reinforce the finding that the aluminum and magne-
sium modified biochars produced the most effective metal
modified biochars for P removal. Al-PSB shows the high-
est removal of PO4*" and indicate that aluminum modifica-
tion is the best treatment for increasing the PO4>" removal
of biochar for water treatment applications. More batch

sorption experiments using higher initial P concentrations
and lower masses of biochar are needed to confirm these
results and determine the maximum loading of P onto Al-
PSB.

For the same range of initial PO4> concentration in solu-
tion, the g, values for PO4>  adsorption onto Al-PSB, Mg-
PSB, and Fe-PSB are significantly lower for CAFO WW
tests than for phosphate solutions prepared in pure water.
This further suggests the inhibition of adsorption or com-
petition for similar adsorption sites for PO4> by other ani-
ons in the CAFO WW.

CONCLUSION

This work provides compelling preliminary findings on
the relative effectiveness of different metal-oxyhydroxide
modified biochars for removal of NHs" and PO4* from ag-
ricultural wastewater and prepared aqueous solutions of
phosphate. The results of the batch sorption experiments
indicate that Aluminum modification likely results in the
largest increases in PO4*" adsorption capacity for the metal
modified peanut shell biochars used in this study. The
NH4" adsorption of the PSB unexpectedly increased with
Magnesium and Calcium modification, decreased with
Iron modification, and did not significantly change with
Aluminum modification of the biochar. Mg-PSB was the
best modified biochar produced in this work, due to its
large increases of both NH4" and PO4> removal compared
to the unmodified biochar. More work is needed to further
confirm these findings and more accurately quantify the
adsorption capacities of the metal modified biochars for
NH.4" and PO4> as well as other cations and anions. Metal-
modified biochars could be used in bioreactors and ma-
nure lagoons to immobilize and recover multiple nutrient
ions simultaneously, and the spent biochar could be ap-
plied as a nutrient-rich soil amendment.
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