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The use of biochar as a low-cost adsorbent to remove nutrients from aqueous
solutions is getting great attention lately due to its many environmental applica-
tions and benefits. Although biochar has been widely used to remove phosphate
from aqueous solutions, inconsistencies still exist with regards to biochar proper-
ties responsible for the adsorption process. This research was therefore, carried
out to determine the influence of some biochar properties on the maximum phos-
phate adsorption capacity of biochar produced from four different feed-stocks.
The biochars used for this study were prepared from two plant materials; (Maize
cob and rice husk) and two animal wastes (cow dung and poultry litter) at 600 °
C. The different biochars were subjected to a laboratory batch sorption experi-
ment. Data obtained were fitted into the linear forms of the Langmuir, Freun-
dlich, Temkin, and Dubinin-Radushkevich (D-R) adsorption isotherms while
least square regression analysis was used to test the goodness of fit using the co-
efficient of determination (R?)., stepwise regression analysis was carried out to
determine the nature and extent of relationships between the biochar properties
and maximum phosphate adsorption capacity using statistical analysis software
(SAS 9.4). Results revealed higher R* values for the D-R adsorption isotherm (>
0.97) across all the treatments suggest a better fit of the D-R adsorption isotherm
for phosphate adsorption onto the biochar materials. The maximum phosphate
adsorption capacity of the biochar materials is in the order: maize cob biochar >
poultry litter biochar > cow dung biochar > rice husk biochar. Stepwise regres-
sion analysis revealed that 99 % of the change in maximum phosphate adsorption
is influenced by the combined effects of biochar EC, moisture content and specif-
ic surface area. Hence, modification of biochar EC, moisture content, and specif-
ic surface area is essential for improving phosphate adsorption by biochar.

1.0 Introduction

ence on the economy, and has caused great danger on envi-
ronmental health (Yao et al., 2011).

Incessant fertilizer application to meet the food production
demand of the ever-growing human population has been the
leading cause of phosphate release from both point and non-
point sources into a runoff. This has led to the accumulation
of high nutrient concentrations in surface and/or groundwa-
ter a condition called eutrophication; excessive production
of photosynthetic aquatic microorganisms in freshwater and
marine ecosystems (Karaca ef al., 2004). Jung et al. (2015)
reported that eutrophication is a serious environmental issue
responsible for the degradation of the quality of water eco-
systems, global loss of biodiversity with undesirable influ-

So many methods have been proposed for phosphate re-
moval from contaminated media, which include; chemical
precipitation, ion exchange, solvent extraction, reverse
osmosis, and adsorption (Adegoke et al., 2013). However,
these techniques are not without some setbacks, for in-
stance, reverse osmosis as effective as it maybe is expen-
sive as membranes get easily spoiled and therefore needs
frequent replacement while chemical precipitation is not
very sensitive especially where the contaminants are in a
small amount. Solvent extraction or electrolytic processes
can be economical only when working with more concen-
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trated solutions while ion exchange is expensive and
requires skilled manpower for its operation. Therefore,
adsorption is a more preferred method for the removal
of toxic contaminants from wastewater because it is
cheap, very effective with any concentration, and simple
(Tran et al., 1999). Other benefits of adsorption include
its effectiveness at very low concentrations, suitability
for using batch and continuous processes, ease of opera-
tion, little sludge generation, the possibility of regenera-
tion and re-use (Mohanty ef al., 2006).

Sparks (2003) defines adsorption as one of the most
significant chemical processes that affect the move-
ments of nutrients and contaminants. It is a widely used
technique for removing pollutants from contaminated
media. Zhou et al. (2019); Takaya, et al. (2016) reported
that phosphate adsorption may be affected by many fac-
tors, which include its CEC, acidic functional groups,
surface charges, and anion exchange capacity.
Biochar symbolizes a developing technology that is pro-
gressively being accepted for its potential role in carbon
sequestration, waste management, soil improvement,
crop productivity enhancement, and environmental re-
mediation (Kuppusamy et al., 2016, Takaya, et al.,
2016). It is a fine-grained, carbon enriched product
mainly produced from biomass feedstocks by pyrolysis
under no/limited oxygen condition (Lehmann, 2007).
The physical properties of biochar which include; low
biodegradability, high porosity, and high surface area
make biochar an important source of soil amendment
which promotes beneficial soil microorganisms, binding
of nutrient cations and anions, and may enhance nutri-
ents availability (Karer 2013). However, theseproperties
differ widely based on feedstock material and method of
pyrolysis thereby shaping their suitability for specific
purposes (Ogonek 2016). Although biochars have been
generally used to remove phosphate from aqueous solu-
tions, inconsistencies still exist with regards to biochar
properties responsible for the adsorption process. Simi-
larly, the phosphate adsorption capacity of biochar is
feedstock specific (Trazzi et al. 2015) and is greatly
influenced by biochar properties. Therefore exploring
the relationship between maximum phosphate adsorp-
tion capacity and biochar properties to ascertain the
physiochemical properties of biochars that affect phos-
phate removal from contaminants is imperative. This
research was therefore, carried out to determine the in-
fluence of some biochar properties on the maximum
phosphate adsorption capacity of biochar produced from
four different feed-stocks.

2.0 Materials and methods

2.1 Biochar Preparation

Biochar was prepared from two plant materials (Maize
cob and rice husk) and two animal wastes (cow dung
and poultry litter). In each case, 47.6, 37.2, 45.0, and
39.5 kg of Maize cob, rice husk, cow dung, and poultry
litter respectively were placed in an airtight stainless
steel container separately before putting it into the oven.
This process lasted for about two hours. The oven was
heated to 600 °C (to obtain high surface area) at a heat-
ing rate of 20 °C per minute and kept at that temperature
for 45 min. After each run, the oven was turned off and
the biochar was left inside to cool. This process was
carried out in a 60-litre capacity oven. The pyrolysis
resulted in 11.2, 11.2, 15.20, and 12.40 kg of Maize cob
biochar (MCB), Rice husk biochar (RHB), Cow dung
biochar (CDB), and Poultry litter biochar (PLB) respec-

tively. The biochar mass was then grinded and sieved
through a 2 mm mesh sieve to obtain a powder consistency
that would mix uniformly with the soils.

The biochar samples were characterized for pH, total ash
content, total organic C, phosphates, volatile matter, bio-
char yield, as described by Jindo et al. (2014). The pH was
determined using the pH drift method as described by
(Cataldo et al., 1975) while the specific surface area was
determined using the methylene blue method and the Lang-
muir surface area calculated as described by Itodo et al.
(2010).

2.2 Batch Sorption Experiment

The different biochars were subjected to a laboratory batch
sorption experiment to determine their ability for phos-
phates adsorption. One gram (1g) of biochar samples were
equilibrated with three different concentrations; 15, 30, 60
mgL™" phosphate in a 1:50 biochar to solution ratio using
potassium di-hydrogen phosphate as the source of phos-
phate in a 50 ml flask. The flasks were shaken on a me-
chanical shaker to allow the suspension to equilibrate.
Samples were filtered after 60 minutes. Phosphate concen-
tration in the filtrate was measured using the ascorbic acid
method in a spectrophotometer. The amount of phosphate
adsorbed by biochar was calculated based on the following
relationship as proposed by Mulu (2013):

Vi i Ci— I'._E-:'
M
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Q = Quantity of adsorbed phosphate

I .
! = Volume of solution

C 1 .

= Initial ion concentration
C e .

= Equilibrium ion concentration
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= Mass of adsorbent (Biochar)

Data Analysis

The results obtained from the batch adsorption experiment
were fitted into the linear form of the Langmuir, Freun-
dlich, Temkin, and Dubinin-Radushkevich (D-R) adsorp-
tion isotherms using the least square fit method to deter-
mine which isotherm suites the adsorption process as de-
scribed by Agarwal et al. (2014). Coefficient of determina-
tion (R%) was used to test the goodness of fit of the adsorp-
tion isotherms as described by Abdu (2006). Similarly,
correlation and regression analyses were carried out to de-
termine the nature and extent of relationships between the
biochars and phosphate adsorption capacities of the soil
using statistical analysis software (SAS 9.4).

3.0 Results and Discussion

Results of some biochar properties are presented in Table
1. Data obtained revealed that all the biochar produced
were alkaline. However, Maize cob biochar (MCB) record-
ed the highest pH value of 10.3 and 9.5 in water and CaCl,
respectively while the lowest pH value of 7.6 and 7.1 in
water and CaCl, respectively were recorded in cow dung
biochar. Results also revealed lower pH values across all
the biochar materials in calcium chloride solution (Table
1). Similarly, the highest EC value of 3.5 dS m™ was rec-
orded in MCB while the lowest EC of 2.6 dS m™ was rec-
orded in Cow dung biochar (CDB). High pH and EC rec-



orded in MCB may be associated with the high ash con-
tents of the biochar. Yue et al. (2017) obtained a similar
result and opined that ash content in biochar has a direct
effect on its pH and EC values and attributed it to the in-
creased pyrolysis temperature. Similarly, Mukherjee et al.
(2011) opined that with increasing production temperature,
EC and pH increased and linked it to the production of
more ash content. Furthermore, they linked the high pH
values to a progressive loss of acidic surface functional
groups, mainly aliphatic carboxylic acids. Lower pH values
observed across all the biochar in calcium chloride solution
may not be unconnected to the increased ionic strength of
the solution compared to those measured in water. Gav-
riloaiei (2012) opined that small increases in the electrolyte
concentration cause a decrease in pH values. Based on bulk
density, Poultry litter biochar (PLB}) recorded the highest
bulk density value with 0.58 Mg m™ while the lowest bulk
density of 0.35 Mg m~ was recorded in CDB (Table 1).
This may be due to a few macro and micropores observed
in the PLB biochar. This is in agreement with the findings
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of Mary et al. (2016) who recorded different bulk density
of biochar for different feedstock and associated it to the
intra and inter-particle voids of the biochar.

Maize cob biochar recorded the highest moisture content
with 1.9 % while the lowest moisture content of 1.32 %
was recorded in Rice husk biochar (RHB) and may be at-
tributed to its high ash content which results in greater
moisture absorption. Higher moisture contents were report-
ed by Ronnse ef al. (2013) for biochar with high ash con-
tents. Highest and lowest biochar yield of 33.8 % and 23.6
% were recorded in CDB and MCB biochar respectively
and may not be unconnected to the nature of the feed-
stocks. Similarly, relatively low biochar yield was recorded
across the biochar samples and may be attributed to the
high pyrolysis temperature. Similar results were reported
by Lawrinenko and Laird (2015); Fang et al. (2014)); Jin-
do et al. (2014), they opined that biochar yield tends to
decrease with increasing pyrolysis temperature and the type
of feedstock and linked it to loss of labile elements from
the biochar. Results revealed that all the biochars have

Table 1: Biochar Characterization

Parameters MCB RHB CDB PLB
pH (1:10 Biochar: H,0) 10.30 7.90 7.60 7.80
pH(1:10 Biochar:0.01M CaCly,) 9.50 7.20 7.10 7.50
EC (dS m™) 3.50 2.70 2.60 3.10
Bulk density (Mg m™) 0.41 0.41 0.35 0.58
Moisture content (%) 1.90 1.32 1.67 1.66
Biochar yield (%) 23.60 30.10 33.80 31.40
pHzrc (NaCl) 8.00 6.90 6.70 6.90
Total ash (g kg™) 690.00 490.00 589.00 480.00
Total C (g kg™) 292.00 395.00 300.00 400.00
Volatile matter (%) 0.66 0.65 1.45 1.36
Phosphates (mg kg™) 13.32 6.26 18.83 23.80
specific surface area (cm” g") 2735 x 10° 3.107 x 10° 2955 x 10° 2.896 x 10°
(Langmuir)

MCB= Maize cob Biochar, RHB=Rice husk biochar, CDB= Cow dung biochar, PLB= Poultry litter biochar

their pHzpc lower than their pH in both water and CaCl, solu-
tion (Table 1). This suggests that the biochars have net nega-
tive charges on their surfaces. Fiol and Villaescusa (2009)
reported that at solution pH higher than pHzpc, there is an
excess of negatively charged ions while at pH lower than
pHzpc, solid surfaces have net positive charges.

The highest total ash content of 690 g kg™ was recorded in
MCB followed by CDB with 589 g kg™. The lowest total ash
content of 480 g kg was recorded in PLB biochar. This may
be associated with the nutrient content in the original feed-
stock. Crombie and Masek (2014) reported differences in ash
content of biochar produced from different feedstock and
linked it to the nature of the original feedstock. However, the
highest total carbon content of 400 g kg™ was recorded in
PLB followed closely by RHB with 395 g kg™'. While the
lowest total carbon content of 292 g kg™ was recorded in
MCB r and may be due to the low volatile matter observed in
the biochar samples. This contradicts the findings of
Domingues et al. (2017) who reported that biochars produced
from plant biomass gave maximum C contents and linked it
to greater polymerization, which results in an increased con-
densation of the carbon structure of the biochar. However,
the result of this study may be due to a significant amount of
wood shavings in the poultry litter used for this study. Simi-

larly, total carbon content for RHB was reported by Jindo et
al. (2014). They observed varying carbon content in biochar
of different feedstock and linked the wide variations to a
composition of the original materials. However, Ma et al.
(2016) observed a significant negative correlation between
the total carbon contents of some biochars with the volatile
matter.

Results of the Langmuir surface area revealed that RHB rec-
orded the largest specific surface area with 3.107 x 10°cm’ g’
! followed by CDB with 2.955 x 10°cm’ g™ while lowest spe-
cific surface area of 2.735 x 10’ cm’g™ was recorded in MCB
(Table 1). This may be attributed to the higher ash content
recorded in the biochar at such high temperature. This agrees
with the findings of Jindo et al. (2014) who observed reduced
surface area of some biochar with increasing ash content in
the biochar and opined that the high ash content occupied and
obstructed the access to micropores, causing the surface area
to reduce. The high surface area recorded in RHB is in line
with the findings of Jindo et al. (2014) who reported consist-
ently high surface area in rice husk biochar with increasing
pyrolysis temperature of up to 800 °C. Similarly, Lei and
Zhang (2013); Liu and Zhang (2007) reported increased po-
rosity and surface area when rice husk biochar was applied to
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soils and attributed it to the large surface area of the added
biochar.

3.1 The Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) Isotherm Constants for the Descrip-
tion of Phosphate Adsorption onto RHB, MCB, CDB, and
PLB

The Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) isotherm constants for the descrip-
tion of phosphate adsorption onto RHB, MCB, CDB, and
PLB are presented in Table 2. With respect to the Lang-
muir adsorption isotherm, R* values of 0.647 and 0.999
were recorded for MCB and PLB respectively. Lowest

m of -2.496 mg g was recorded in RHB while the

Tm of 4.87 mg g' was recorded in MCB with

highest
K;

values of 110.99 and -150.15 L m ; "for RHB and
MCB respectively. Highest Langmuir R*value for PO,
was recorded in PLB biochar. However negatrve K,
value suggests that despite the high R? value PO4" adsorp-
tion onto PLB biochar could not be described by a mono-
layer adsorption process. Higher maximum phosphate
adsorption capacity recorded by MCB and PLB may be
due to the high electrical conductivity of these biochars. It
may also be attributed to the high ash content of MCB.
This is in line with the findings of Dugdug et al. (2018);

Bai et al. (2017) who observed increased phosphorus ad-
sorption with increasing electrical conductivity and linked
it to differences in soluble salts concentrations particular-
ly calcium and sodium. Also, Zhou et al. (2019) reported
a signiﬁcant increase in phosphate adsorption with in-
creasing ash contents of biochar. Based on the Freundlich
adsorption isotherm, R? values of 0.875 to 0.998 were
recorded for CDB and PLB respectively. Highest PO,>

K
7 Value of 1.06 X 10°was recorded in RHB while the

K
lowest * value of 36.19 was recorded in MCB. High-
est n value of 2.62 was recorded in MCB while the lowest
n value of -2.04 was recorded in PLB (Table 2). Highest
Freundlich isotherm R? value for PO4> adsorption record-
ed in MCB biochar suggests multilayer adsorption onto
the heterogeneous surface of the biochar rather than the
charge on the surface. However, negative adsorption in-
tensity (n) values recorded by RHB, CDB, and PLB sug-
gest that phosphate adsorption onto these biochar samples
could not be described effectively with the Freundlich
adsorption isotherm model. Mulu (2013); Kumar et al.
( 2010) reported that the nature of adsorption depends on
n value.The Temkin adsorption isotherm constants By
for phosphate adsorption on the different biochars re-

K
vealed negative Values (Table 2). However, = values
0f 0.62 and 0.72 Lg™' were recorded for

Table 2: The Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) Isotherm Constants for Phosphate Adsorption onto
RHB, MCB, CDB, and PLB

Langmuir Constants RHB MCB CDB PLB
K. (L mg™) 110.9878 -150.15 52.51549 -134.048
3.
PO, m (mgg™) -2.49644 4.871443 -1.14176 3.132086
R? 0.9903 0.6469 0.7495 0.9999
Freundlich
R’ 0.9736 0.9781 0.8745 0.9981
K i 1.06E+6 36.19412 942.0371 903.9804
(mgg™)
1/n -1.494 0.381 -1.953 -0.49
n -0.66934 2.62467 -0.51203 -2.04082
Temkin
Br -2760.76 -1247.7 -2176.98 -2405.13
Kr(Lg™") 0.718 0.617 0.699 0.655
R’ 0.8129 0.8873 0.901 0.9023
Dubinin-Radushkevich
Qpr (mg kg™) 5449.615 2671.459 1449.192 5052.234
Bpg (mol® J7?) 0.050201 0.053319 0.004559 0.009314
E (J mol™) 3.155956 3.062274 10.47307 7.326646
R’ 0.9736 0.8745 0.9781 0.9981

RHB=Rice husk biochar, MCB= Maize cob Biochar, CDB= Cow dung biochar, PLB= Poultry litter biochar, qm = maximum quanti-
ty adsorbed, R = Langmuir Separation factor, K;= Langmuir adsorption rate, K¢ = Freundlich adsorption capacity, n= adsorption
intensity, Bt =Temkin constant values relating to the heat of sorption, K1 =Temkin adsorption potential, Qprg=maximum quantity,
Bpr = D-R isotherm constants, E =free energy of adsorption

MCB and RHB respectively. Highest R*value of 0.90 was and that the adsorption energies are uniform. Low negative
recorded in both CDB and PLB while lowest R* of 0.81 was Brobserved across the samples suggests exothermic physi-
recorded in RHB (Table 2). High Temkin isotherm R’ recorded cal adsorption of phosphate onto the biochar samples. This
on P04 " adsorption onto all biochar samples revealed a de- is in line with the report of Dada et al. (2012) who associ-

crease in heat of adsorption with increasing surface coverage ated low Temkin adsorption isotherm (Br)with physical
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adsorption. Based on the D- R adsorption isotherm, highest low free energy of adsorption (E) recorded in RHB, MCB,
Qpr value of 5449.62 mg kg™ was recorded in RHB while and PLB is an indication of phys1ca1 adsorption. Hrgh D-R
the lowest Qpg value of 1449.19 mg kg™ was recorded in isotherm R? value recorded in RHB, PLB, and CDB sam-
CDB. Similar to what was observed on NO; adsorption; ples may not be unconnected to phosphate affinity to the
low Bpg values were observed across all the biochar sam- large surface area of the biochar samples. Dada et al.
ples (Table 2). However, relatively low E values were ob- (2012); Ayawei et al. (2017) stated that The D-R adsorp-
served and values ranged from as low as 3.06 to 10.47 J tion isotherm effectively explains the adsorption of gases
mol™ for MCB and CDB respectively. Coefficient of deter- and vapours onto microporous materials.

mination (R?) of 0.87 for MCB and 0.998 recorded in PLB 3.2 Relationship between Biochar Properties and Phos-
suggesting a good fit of the isotherm for phosphate adsorp- phate Adsorption

tion onto the biochars. MCB showed the least suitability Result of Pearson’s correlation revealed significant
as evident by its lowest R%. This may be linked to the net (P<0.05) positive relationships between adsorbed phos-
positive charges of MCB at the adsorption pH, hence phate and EC, and sulphate and specific surface area (Table
making phosphate adsorption onto this biochar to be 3). Nevertheless, high negative correlations were observed
through electrostatic attraction rather than a pore filling between adsorbed phosphate and biochar pH, moisture
process. Adegoke et al. (2013) reported that positive or content and pHzpc with R values of -0.77, -0.82, and -0.71
negative surface sites are developed on the surface of sol- respectively. High significant positive correlation observed
ids in aqueous suspensions and ZPC determines the ion on adsorbed phosphate with EC, sulphate, and specific sur-

adsorption preference onto the adsorbent. Similarly, the

Table 3: Pearson Correlation between Adsorbed Phosphates with some Biochar Properties

pH (1:2.5 soil to 0.01 CaCl,)

Biochar Properties R Values P. Value

pH (1:2.5 soil to water) -0.675 0.016
-0.77 0.003

EC 0.93 <.0001

Moist. content -0.819 0.001

ZPC Na -0.707 0.01

ZPC KCl -0.696 0.012

PO,” -0.467 0.126

S0, 0.944 <.0001

Specific surface area 0.909 <.0001

increasing phosphate adsorption with increasing EC, sul- the stepwise regression analysis retained EC, moisture con-
phate, and specific surface area. Dugdug et al. (2018); Bai et tent, and specific surface in the model with a combined R*
al. (2017); reported increased phosphorus adsorption with value of 0.99 (Table 4). The retention EC, moisture content,
increasing electrical conductivity and associated it with dif- and specific surface area in stepwise regression analysis mod-
ferencesl in solrlbre salts concentrations particulgrly calcium el indicate a profound influence of these variables on phos-
and sodium. Similarly, Zhou et al. (2019) opined that Ca phate adsorption. It also suggests that combined effect of
and Mg have a greater influence on phosphate adsorption these variables accounted for about 99 % of the change in

compared to the other components of the ash. Negative cor- adsorbed phosphate. Dugdug ef al. (2018); Bai et al. (2017);
relations were observed between adsorbed phosphate and Abdu (2006); Agbenin (2003) reported a significant effect
biochar pH, moisture content and ZPC revealed that increas- of pH, clay c’()ntents of soil, EC among others on phosphate
ing biochar pH, moisture content, and ZPC will lead to a adsorf)tion ’

decrease in phosphate adsorption and vice versa. Results of

Table 4: Summary of Stepwise Regression Analysis for Adsorbed Phosphate with some Biochar Properties

Variable Variable Number Partial Model
Step Entered Re- Vars In R- R-Square Cp) F Value Pr>F
moved Square
1 EC 1 0.8609 0.8609 2009.39 61.88 <.0001
2 Moist. content 2 0.066 0.9268 1054.72 8.12 0.0191
3 Specific surface area 3 0.0726 0.9944 4 1052.72 <.0001
Model Qmax Phosphate= 32.335+19.900 EC - 6 8.844 Moist. content + 0.8998 specific surface area

Qmax= maximum adsorbed quantity, moist. =moisture

3.0 Conclusion onto any of the biochar. However, phosphate adsorption onto
MCB was best described by the Freundlich adsorption iso-
therm while, the D-R adsorption isotherm was suitable for
describing phosphate adsorption onto RHB, CDB, and PLB.
Phosphate adsorption was significantly influenced by EC,
moisture content, and specific surface. Hence, modification
of biochar EC, moisture content, and the specific surface area

The findings of this study revealed that only maize cob bio-
char (MCB) and poultry litter biochar (PLB) can adsorb
phosphate under the experimental conditions. Although the
Langmuir adsorption isotherm was used to determine the
maximum phosphate adsorption capacity of the blochar ma-
terials, it was not appropriate for describing PO,> adsorption
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should be a prerequisite for using biochar to effectively
remove phosphate from aqueous solution.

References

Abdu, N. 2006. “Kinetics of Phosphate Release in Some
Forest and Savanna Soils.” A Thesis Submitted to
the Postgraduate School, Ahmadu Bello University,
Zaria July, 103 pp.

Adegoke, H. 1., Folahan A. A., Olalekan S. F., Bheku-
musa J. X, and B. J. Adegoke, H.I., Adekola, F.A.,
Fatoi, S.0., and Ximba. 2013. “Sorptive Interaction
of Oxyanions with Iron Oxides: A Review.” Polish
Journal of Environmental Studies 22(1):7-24.

Agarwal, A K., Kadu, M. S., Pandhrmekar, C.P., and
Muthreja, 1. L. 2014. “Langmuir, Freundlich and
BET Adsorption Isotherm Studies for Zinc lons
onto Coal Fly Ash.” International Journal of Appli-
cation or Innovation in Engineering and Manage-
ment. 3(1):64-71.

Agbenin, J. O. 2003. “Extractable Iron and Aluminum
Effects on Phosphate Sorption in a Savanna Al-
fisol.” Soil Science Society of American Journal
67:589-95.

Ayawei, N., Augustus N. E., and Donbebe W.. 2017.
“Modelling and Interpretation of Adsorption Iso-
therms.” Hindawi Journal of Chemistry 2017:1-11.

Bai, J., Xiaofei Y., Jia J., Guangliang Z., Qingqing Z.,
Baoshan C., and Xinhui L.. 2017. “Phosphorus
Sorption-Desorption and Effects of Temperature,
PH, and Salinity on Phosphorus Sorption in Marsh
Soils from Coastal Wetlands with Different Flood-
ing Conditions.” Chemosphere 188:677-88.

Cataldo, D. A., Haroon, M., Schrader, L. E. and
Youngs, V. L. 1975. “Rapid Colorimetric Determi-
nation of Nitrate in Plant-Tissue by Nitration of
Salicylic-Acid.” Communications in Soil Science
and Plant Analysis 6(1):71-80.

Crombie, K. and Masek, O. 2014. “Pyrolysis Biochar
Systems, Balance between Bioenergy and Carbon
Sequestration.” Global Change Biology Bioenergy
doi: 10.1111/gcbb.12137.

Dada, A.O., Olalekan, A.P., Olatunya, A.M. and Dada,
0. 2012. “Langmuir, Freundlich, Temkin and Du-
binin — Radushkevich Isotherms Studies of Equilib-
rium Sorption of Zn 2 + Unto Phosphoric Acid
Modified Rice Husk.” IOSR Journal of Applied
Chemistry (IOSR-JAC) 3(1):38-45.

Domingues, R. R., Paulo F. T., Carlos A. S., Isabel C.
N. A. De Melo, Leonidas C. A. M., Zuy M. M., and
M. A. Sanchez-Monedero. 2017. “Properties of
Biochar Derived from Wood and High-Nutrient
Biomasses with the Aim of Agronomic and Envi-
ronmental Benefits.” PLoS ONE 12(5):1-19.

Dugdug, A. A, Chang, S. X., Ok, Y. S., Rajapaksha, A.
U. and Anyia, A. 2018. “Phosphorus Sorption Ca-
pacity of Biochars Varies with Biochar Type and
Salinity Level.” Environmental Science and Pollu-
tion Research 25(26):25799-25812.

Fang, Ci, Tao Zhang, Ping Li, Rong-Feng Jiang, and
Ying-Cai Wang. 2014. “Application of Magnesium

Modified Corn Biochar for Phosphorus Removal and
Recovery from Swine Wastewater.” [International
Journal of Environmental Research. Public Health
11:9217-37.

Fiol, N. and Isabel V.. 2008. “Determination of Sorbent
Point Zero Charge: Usefulness in Sorption Studies.”
Environmental Chemistry Letters 7(1):79—84.

Gavriloaiei, T. 2012. “The Influence of Electrolyte Solu-
tions on Soil pH Measurements.” Revista de Chimie -
Bucharest 63(4):396—400.

Itodo, A. U., Itodo, H. U., Gafar, M. K. 2010. “Estimation
of Specific Surface Area Using Langmuir Isotherm
Method.” Journal of Applied Science and Environmen-
tal Management 14(4):141-45.

Jindo, K., H. Mizumoto, Y. Sawada, M. A. Sanchez-
Monedero, and T. Sonoki. 2014. “Physical and Chemi-
cal Characterization of Biochars Derived from Differ-

ent Agricultural Residues.” Biogeosciences 11
(23):6613-21.

Jung, K.W., Hwang, M.J., Ahn, K.H. and Ok, Y. S. 2015.
“Kinetic Study on Phosphate Removal from Aqueous
Solution by Biochar Derived from Peanut Shell as Re-
newable Adsorptive Media.” International Journal of
Environmental Science and Technology 12:3363-72.

Karaca, S., Gurses, A., Ejder, M., Acikyildiz, M. 2004.
“Kinetic Modeling of Liquid Phase Adsorption of
Phosphate on Dolomite.” Journal of Colloidal and
Interface Science 277:257-263.

Karer, J. Z. 2013. “Nutrient Uptake by Agricultural Crops
from Biochar-Amended Soils: Results from Two Field

Experiments in Austria.” Australian Journal of Agri-
cultural Science 4974-81.

Kumar, P. S.,; S. Ramalingam, C. Senthamarai, M. Niranja-
naa, P. and Vijayalakshmi, and S. Sivanesan. 2010.
“Adsorption of Dye from Aqueous Solution by Cash-
ew Nut Shell: Studies on Equilibrium Isotherm, Kinet-
ics and Thermodynamics of Interactions.” Desalina-
tion 261(1-2):52—-60.

Kuppusamy, S., Palanisami T., Mallavarapu M., Kadiyala
V., and Ravi N.. 2016. “Agronomic and Remedial
Benefits and Risks of Applying Biochar to Soil: Cur-
rent Knowledge and Future Research Directions.” En-
vironment International 8§7(FEBRUARY): 1-12.

Lawrinenko, M. and Laird. D. A. 2015. “Anion Exchange
Capacity of Biochar.” Green Chemistry 17
(August):4628-36.

Lehmann, J. 2007. “Bio-Energy in the Black.” Frontiers in
Ecology and Environment 5:381-87.

Ma, X.u, Zhou B., Budai, A. Jeng, A. Hao, X. and Wei.
Dan 2016. “Study of Biochar Properties by Scanning
Electron Microscope — Energy Dispersive X-Ray
Spectroscopy (SEM-EDX).” Communications in Soil
Science and Plant Analysis 3624(February):DOI:
10.1080/00103624.2016.1146742.

Mary, G. S., P. Sugumaran S. Niveditha, and G. Stella
Mary. 2016. “Production, Characterization and Evalua-
tion of Biochar from Pod ( Pisum Sativum ), Leaf
( Brassica Oleracea ) and Peel ( Citrus Sinensis )
Wastes.” International Journal of Recycling of Organ-



ic Waste in Agriculture 5(1):43-53.

Mohanty, K., Das, D., Biswas, M. N. 2006. ‘“Preparation
and Characterization of Activated Carbon from
Steculia Alata Nut-Shell by Chemical Activation
with Zinc Chloride to Remove Phenol from Waste
Water.” Adsorption 12:119-125.

Mukherjee, A., A. R. Zimmerman, and W. Harris. 2011.
“Geoderma Surface Chemistry Variations among a
Series of Laboratory-Produced Biochars.” Ge-
oderma 163(3—4):247-55.

Mulu, B. D. 2013. “Batch Sorption Experiments : Lang-
muir and Freundlich Isotherm Studies for the Ad-
sorption of Textile Metal Ions onto Teff Straw
( Eragrostis Tef ) Agricultural Waste.” Journal
OfThermodynamics 2013:6 pages.

Ogonek, P.. 2016. “Phosphorus Adsorption through
Engineered Biochars Produced from Local Waste
Products Phosphorus Adsorption through Engi-
neered Biochars Produced from Local Waste Prod-
ucts.”

Ronnie, F., VAN Hecke, S., Dickinson, D. and Prins,
W. 2013. “Production and Characterization of Slow
Pyrolysis Biochar: Influence of Feedstock Type
and Pyrolysis Conditions.” GCB Bioenergy 5:104—
15.

Sparks, D. L. 2003. Environmental Soil Chemistry. 2nd
ed. USA: rElsevier Science, USA, 367 pp.

Takaya, C. A., Fletcher, L. A., Singh, S., Anyikude, K.
U. and Ross, A. B. 2016. “Phosphate and Ammoni-
um Sorption Capacity of Biochar and Hydrochar
from Different Wastes.” Chemosphere 145:518-27.

Solomon et al. NJSS 31 (1) 2021 93-99

Tran, H.H., Roddick F.A., O’Donnell, J. A. 1999.
“Comparison of Chromatography and Desiccant Silica
Gels for the Adsorption of Metal Tons- I. Adsorption
and Kinetics.” Water Research 33:2985-92.

Trazzi, P A., J. J. Leahy, M. B. and Hayes, and W. Kwa-
pinski. 2015. “Adsorption and Desorption of Phos-
phate on Biochars Journal of Environmental Chemical
Engineering Adsorption and Desorption of Phosphate
on Biochars.” Biochemical Pharmacology 4(1):37-46.

Yao, Y., B. Gao, M. Inyang, A. R. Zimmerman, X. Cao, P.
and Pullammanappallil, and Li. Yang. 2011. “Removal
of Phosphate from Aqueous Solution by Biochar De-
rived from Anaerobically Digested Sugar Beet Tail-
ings.” Journal of Hazardous Materials 190:501-7.

Yue, Y., Q. Lin, Y. Xu, G. Li, and X. Zhao. 2017. “Slow
Pyrolysis as a Measure for Rapidly Treating Cow Ma-
nure and the Biochar Characteristics.” Journal of Ana-
Iytical and Applied Pyrolysis.

Zhou, L., D. Xu, Y. Li, Q.Pan, J.Wang, and L. Xue. 2019.
“Phosphorus and Nitrogen Adsorption Capacities of
Biochars Derived from Feedstocks at Di Ff Event.”
Water Article 11(1559):1-16.

Lei, O., and Zhang, R. (2013). Effects of biochar derived
from different feedstock and pyrolysis temperatures on
soil, physical, and hydraulic properties. J Soils Sedi-
ments 13, 1561-1572. DOI: 10.1007/s11368-013-0738
-7

Liu, W. Z. and Zhang, X. C. (2007) Optimizing water and
fertilizer input using an elasticity index: a case study
with maize in the loess plateau of china Field Crops
Research 100 (2-3), 302-310



