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ABSTRACT 
Utilization of agricultural wastes to generate cheap and 

efficient sorbents to remove contaminants from 
wastewaters is an up-to-date environmental challenge. In 
Egypt, sugarcane bagasse is yearly generated as a waste 
material in huge amounts. The objectives of this study 
were to investigate the effect of chemical modification on 
the properties of bagasse biochar generated from local 
sugarcane bagasse feedstock (SCBF) and assess its 
efficiency for removal of both ammonium and phosphate 
ions from artificial aqueous solutions. SCBB and Mg-
SCBB biochars were produced through pyrolysis of raw 
SCBF and MgSO4 impregnated SCBF, respectively at 500 
C and under oxygen-limited condition. FTIR peaks 

analysis, DEM examination, and some physical and 
chemical properties revealed that new surface functional 
groups, meso- and micropores, larger surface area and 
higher CEC were developed in SCBB and Mg-SCBB 
compared to SCBF. SCBB and Mg-SCBB showed high 
affinity to ammonium adsorption from aqueous solutions 
comparable to Charcoal and Zeolite. Mg-SCBB was the 
only sorbent capable of removing phosphate from the 
aqueous. Ammonium and phosphate removal at 1:200 
sorbent to solution ratio were higher than those at 1:500 
for all sorbents. A slight ammonium volatilization 
occurred during the adsorption process due to high 
solution pH. Adsorption kinetics data were best fitted to 
the pseudo-second-order kinetic equation suggesting 
intraparticle diffusion controlled adsorption process. 
Ammonium adsorption isotherms were best fitted to 
Freundlich model. The calculated Freundlich intensity 
parameter (n) ranged from 0.478 to 0.894 indicating 
favorable adsorption of ammonium and phosphate by all 
sorbents. Mg-SCBB had an adsorption capacity of 2573.9 
and 4002.2 mg kg-1 for ammonium and phosphate, 
respectively. The produced Mg-modified sugarcane 
bagasse biochar may represent a promising efficient and 
cheap sorbent for dual remediation of wastewaters 
contaminated with ammonium and phosphate ions. 

Keywords: Sugarcane bagasse, Mg-modified biochar, 
ammonium and phosphate removal, agricultural wastes, 
aqueous solutions. 

INTRODUCTION 

Due to fast industrialization and the widespread 
application of agrochemicals, the occurrence of organic 
and inorganic pollutants has considerably increased in 
our environment and food chain. Therefore, serious 
public and governmental concerns about the 
environmental pollution and human health have been 

raised (WHO, 2017). Due to inefficient management of 
agricultural fertilizers and large discharge of 
wastewaters, the concentrations of various nutrients 
(NH4

+, NO3
- and PO4

-3) are largely increased in surface 
and groundwater resources globally (Carey et al., 
2015). Freshwater containing elevated nutrients 
concentrations discharges into oceans depleting 
dissolved oxygen concentrations and promoting harmful 
algal blooms. This creates hypoxic dead zones and 
causes ecological damage (Dunnivant and Anders, 
2006).  

Ammonium ion has a positive charge and a much 
lower charge-to-radius ratio than many metal cations. 
Therefore, NH4

+ is mainly attracted to the negatively 
charged surfaces of colloidal particles and behaves 
similarly to alkali metal cations (e.g. Na+, K+). Unlike 
divalent metal cations, NH4

+ does not form stable bonds 
with surfaces to which it is attached. However, the 
oxyanions NO3

- and PO4
-3 are negatively charged and 

thus attracted to positively charged surfaces. With 
different behavior to each other, NO3

- is much more 
mobile while PO4

-3 is readily bound to surfaces of 
colloidal particles in water (Conley et al., 2009). 
Common methods of remediation polluted aqueous 
phases include ion exchange, precipitation, membrane 
separation and adsorption (using activated carbon) 
techniques among others. These techniques are 
expensive and produce chemical residues which have 
uneconomic value.  

Biochar is a carbonaceous, fine-grained, porous 
solid material produced by pyrolysis of a wide variety 
of biomasses under different conditions. As a low-cost 
substitute of activated carbon, biochar can be used as 
carbon sequestration and soil amendment (Carey et al., 
2015; Agegnehu et al., 2017). Besides, biochar is 
recently used as a green environmental sorbent to 
remove diverse organic contaminants such as aromatic 
dyes, antibiotics, polychlorinated biphenyls (PCBs), 
polycyclic aromatic hydrocarbons (PAHs), volatile 
organic compounds (VOCs) and agrochemicals from 
aqueous and gaseous phases (Qiu et al., 2009; Beesley 
et al., 2010; Zheng et al., 2010; Teixido et al., 2011; Xu 
et al., 2011; Saleh et al., 2016; De Jesus et al., 2017), or 
inorganic contaminants such as heavy metals and 
various nutritional elements (NH4

+ , NO3
- and PO4

-3) 
from urban and industrial wastewaters and agricultural 
drainage water (Fang et al., 2014; Saleh et al., 2012; 
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Saleh et al., 2013; Hafshejani et al., 2016; Cai et al., 
2017; Strock et al., 2017). Biochar has been recently 
used to improve agricultural ecosystems and reduce the 
emission of greenhouse gases (Ulyett et al., 2014; Tan 
et al., 2017). Biomass is converted to biochar by 
pyrolysis, a thermochemical process under oxygen-
limited or anoxic conditions (Zhang et al., 2010). The 
conversion process includes drying and grinding of 
biomass, pyrolysis and then separation (Pan et al., 
2010). Factors affecting the characteristics of generated 
biochar include the type of feedstock, reaction time and 
conditions of thermochemical conversion (Zhang et al., 
2015; Li et al. 2016; Sizmur et al., 2017; Tan et al. 
2017). While the alkaline nature of biochar is 
determined by the metal alkalinity content of ash, cation 
exchange capacity is related to the surface area, surface 
functional groups (mainly carboxyl groups), type of 
feedstock and temperature of pyrolysis (Jiang et al., 
2013; Luo et al., 2015; El-Gamal et al., 2017). 

Sugar production in Egypt is expected to reach 2.42 
MMT (Million Metric Tons) in 2017/2018. About 42% 
of this production (1.02 MMT) is produced from 
sugarcane (FAS-USDA, 2017). Sugarcane is also a 
source of molasses. In this report, sugarcane cultivated 
area was forecasted to increase 10,000 ha to reach 
119,000 ha in 2017/18, mostly located in Upper Egypt. 
Bagasse, as the residue of sugarcane processing, is 
limitedly used in paper pulp and plywood industries. 
Therefore, a large amount of sugarcane bagasse is not 
economically utilized. Several attempts have been made 
to increase the value of sugarcane bagasse through 
conversion to biochar by pyrolysis (Hugo, 2010; Jeong 
et al., 2016). Sugarcane bagasse biochar (SCBB) was 
produced under various pyrolysis conditions (Ding et 
al., 2014; Cha et al., 2016; Huang et al., 2015; Li et al., 
2016) including temperature (ranged from 250 to <900 
C) which affects its porosity and specific surface area 

(SSA), heating facilities (traditional kilns, muffle 
furnace, or microwave oven), reaction time (ranged 
from 20 min to 8 h) and atmosphere (oxygen-limited, 
vacuum or N2-saturated atmosphere). Sugarcane 
bagasse was used either in its raw state (Hugo, 2010; 
Ding et al., 2014; Jeong et al., 2016), anaerobically 
digested (Inyang et al., 2010), or subjected to different 
physical or chemical treatments to enhance its sorption 
capacity and/or selectivity (Hafshejani et al., 2016; 
Noraini et al., 2016; Schwantes et al., 2015). 

The efficiency of SCBB was investigated to remove 
heavy metals such as cadmium, chromium, lead and 
mercury (Ding et al., 2014; Li et al., 2017; Noraini et 
al., 2016), organic dyes (Carrier et al., 2012), nitrate 
(Schwantes 2015; Hafshejani et al., 2016) and 
phosphate (Trazzi et al., 2016) from aqueous solutions 
or wastewaters. 

Ding et al. (2014) found that SCBB produced at 
different pyrolysis temperatures (from 250 to 600 C) 
was effective in Pb2+ sorption from aqueous solutions 
and the sorption capacity of the produced biochar 
decreased with increasing the temperature of pyrolysis 
(from 2.1 to 6.1 mg Pb/g biochar at 250 and 600 C, 
respectively). The initially, rapid Pb sorption was 
probably controlled by ion exchange and/or 
complexation then it was slowed down due to 
intraparticle diffusion. Noraini et al., (2016) reported 
that magnetic biochar produced from sugarcane bagasse 
by microwave heating at optimum conditions of 30 min 
of radiation time and Fe2O3 impregnation ratio 0.45 
(Fe2O3 : biomass), could enhance the removal efficiency 
of Cd2+ to 96.17% from aqueous solutions. Carrier et al. 
(2012) obtained a high-quality SCBB was also 
produced by vacuum pyrolysis and steam activation 
having an SSA of 418 m2 g-1 and a cation exchange 
capacity (CEC) of 122 cmolc kg-1. This biochar was 
very efficient in methylene blue (MB) adsorption and 
favored physisorption rather than chemisorption.  

The efficiency of nitrate adsorption by SCBB, 
generated at 300 C for 4 h in a carbonization furnace, 
was enhanced by chemical modification of air-dried 
bagasse using epichlorohydrin, dimethylformamide and 
ethylenediamine combination before pyrolysis 
(Hafshejani et al., 2016). Adsorption capacity for nitrate 
removal from aqueous solutions was increased from 
11.56 to 28.21 mg g-1 for SCBB and modified SCBB, 
respectively. The maximum capacity (qmax) of nitrate 
was reached with sorbent dose of 2 g L-1, equilibrium 
pH 4.64 and after 60 min of contact time. Schwantes et 
al. (2015) showed that SCBB produced from 3 M 
H3PO4-activated bagasse was efficient in NO3

- removal 
from aqueous solutions. The adsorption isotherms 
followed the Freundlich model and sorption kinetics 
data were fitted to the pseudo-second-order equation. 

Trazzi et al. (2016) found that surface area and fixed 
carbon content of SCBB were increased with increasing 
pyrolysis temperature and residence time. The best 
performance was observed for SCBB formed at 500 C 
for 60 min. in terms of energy expended and phosphate 
sorption. Adsorption on of phosphate was found to be 
non-spontaneous, endothermic process and adsorption 
capacity increased with temperature.  

Therefore, the objectives of this study were to 
investigate the effect of chemical modification on the 
properties of bagasse biochar generated from local 
sugarcane bagasse and to assess its efficiency for 
removal of both ammonium and phosphate ions from 
aqueous solutions.   
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MATERIALS AND METHODS 

Preparation of feedstock: 

Sugarcane bagasse feedstock (SCBF) was collected 
from the local market in Alexandria Governorate. SCBF 
was cut into  2.0 cm segments, washed with tap water, 
then with distilled water and oven-dried at 70 C for 24 
h. The oven-dried SCBF was left to cool to reach the 
ambient lab temperature and then stored in a plastic 
vessel for the pyrolysis step. A slight modification to 
the method outlined by Fang et al. (2014) was made to 
prepare Mg-saturated SCBF. A portion of the oven-
dried SCBF was soaked in 1.6 M MgSO4.7H2O at 1:10 
solid to solution ratio for 2 h. The Mg-saturated SCBF 
(Mg-SCBF) was then oven-dried at 80 C for 48 h, left 
to cool to ambient temperature and stored in a plastic 
vessel for the pyrolysis step. 

Generation of biochar: 

Biochar was generated by heating SCBF and Mg-
SCBF under oxygen-limited condition (pyrolysis). For 
pyrolysis, 200 g of both previously prepared SCBF and 
Mg-SCBF was tightly wrapped in an aluminum foil 
sheet. The wrappings were perforated with five tiny 
halls to allow pyrolytic gases to escape and facilitate an 
oxygen-limited condition. Pyrolysis was conducted in a 
muffle furnace by increasing temperature at a rate of 25 
C/min to reach 500 C and then heating was continued 

at 500 C for 60 min. The generated bagasse (SCBB) 
and the Mg-modified bagasse biochars (Mg-SCBB) 
were left to cool to room temperature and the produced 
carbonaceous material was weighed. Afterwards, 
biochars were ground in a porcelain mortar and pestle 
and sieved through 0.5 mm polyethylene sieve. The 
biochars were then washed several times with distilled 
water, oven-dried at 80 C for 24 h, left to cool to room 
temperature and finally stored in plastic vessels for 
subsequent experiments. 

Characterization of sorbents: 

Percent of biochar yield and volatile matter were 
calculated from the oven-dried SCBF and the generated 
carbonized materials after pyrolysis. The pH was 
measured (pH-meter, Inolab pH/Ion 735) in the 
suspensions of 1.0 g biochar in 100 ml of distilled 
water. The electrical conductivity (EC, dS m-1) was 
measured using a conductivity meter (WTW inoLab 
Cond 720, GmbH) in the filtrate of a 5% W/V 
solid/distilled water suspension. Surface area (m2 g-1) of 
the biochars was determined using the methylene blue 
method (Kaewprasit et al., 1998). The ash content of 
biochars was determined according to Samsuri et al. 
(2014) in open porcelain crucibles using the muffle 
furnace at 700 C for 12 hrs. Cation exchange capacity 
(CEC) was determined using the modified ammonium 
acetate compulsory displacement procedure (Gaskin et 

al., 2008). The CHNS Elemental Analyzer (Vario, type 
El) was utilized to determine the carbon, hydrogen, 
nitrogen, and sulfur contents.  

Fourier transform infrared (FTIR) spectra of the 
biochars and bagasse feedstock were established in the 
range 400 4000 cm-1 (SHIMADZU infrared 
spectrophotometer; model FT/IR-5300, JASCO 
Corporation) to determine predominant surface 
functional groups. Images of a scanning electron 
microscope (SEM, Jeol model 6360 OLA) was used to 
investigate the surface micro-morphology of biochars.  

For comparison, Zeolite and Charcoal, as 
commercial adsorbents, were purchased from private 
companies to be used for the comparison with the 
generated biochars for their efficiencies of ammonium 
and phosphate ions removal from aqueous solutions.  

Stock solution of ammonium and phosphate: 

A stock solution containing 500 mg P/l and 580 mg 
NH4

+/l was prepared using an analytical grade of di-
ammonium orthophosphate salt (2.129 g 
(NH4)2HPO4/l). From the stock solution, aqueous 
solutions with a series of NH4

+ and P concentrations 
were prepared for the proposed adsorption experiments. 

Kinetics of  ammonium and phosphate sorption: 

The kinetics of ammonium and phosphate removal 
by the four sorbents (SCBB, Mg-SCBB, Zeolite, and 
Charcoal) from aqueous solutions was investigated 
using the compartment method. Artificial aqueous 
solutions containing 23.2 ppm NH4

+ and 20 ppm P 
(representing average concentrations of such species in 
local municipal wastewater) were prepared from the 
stock solution. In a double jacket reaction vessel (Fig. 
1), 2 or 5 g of each sorbent was suspended in 1000 ml 
aqueous solution to represent 1:200 or 1:500 sorbent to 
solution ratio. The reaction took place in the inner 
vessel. The suspension was continuously stirred at 500 
rpm using magnetic stirrer and temperature of the 
suspension was kept constant at 25 C using a 
continuous circulating thermostatic water system 
running in the outer vessel and surrounding the reaction 
inner vessel. Subsamples of suspension (20 ml) were 
withdrawn from the reaction vessel using a manual 
syringe at time intervals of 1, 2, 3, 4, 6, 8, 10, 12 and 24 
h and pH of the sampled suspensions was immediately 
measured. The suspensions were then filtered through a 
filter paper (Whatman no. 1) and the equilibrium 
concentrations of ammonium and phosphate were 
measured in the filtrates. The concentrations of 
ammonium and phosphate were determined 
colorimetrically according to the methods described by 
Keeney and Nelson (1982) and Murphy and Riley 
(1962), respectively.  
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Fig. 1. The double-jacket reaction vessel used in the adsorption experiments 

The amount of ammonium and phosphate adsorbed 
per sorbent unit mass (q, mg g-1) were calculated using 
equation (1). 

)1(
)(

vm
eqCoC

q

 

Where C0 and Ceq are the initial and equilibrium 
concentrations (mg/l), respectively, m is the mass of 
sorbent material (g), and v is the volume of aqueous 
solution (l).  

For correction of ammonia volatilization, the 
evolved ammonia from the reaction vessel at each time 
interval was collected and trapped in 25 ml of boric acid 
for its measurement. Plots of sorption kinetics (time vs. 
q) were established and the equilibrium time was 
evaluated. The fitness of these plots to the first- and 
second-order mathematical models of reaction kinetics 
was also investigated. 

The removal percentage of adsorbate (R, %) was 
also calculated from Equation (2) as follows; 

)2(100
0

)
0

(
%

C
eq
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R 

Isotherms of  ammonium and phosphate sorption: 

Sorption isotherms of NH4
+ and P on the 

investigated sorbents were established using the 1:200 
and 1:500 suspension ratios and a series of initial 
concentrations of NH4

+ (23.2, 46.4 and 92.6 ppm) and P 
(20, 40 and 80 ppm). The sorption reaction was 
conducted for each individual sorbent under the same 
conditions of the aforementioned kinetic experiment 
(stirring at 500 rpm and temperature at 25 C). 

Suspensions were sampled at the equilibrium time 
determined from the kinetic experiment. Similarly, pH 
was measured immediately in the suspension and NH4

+ 

and P were also measured in the filtrate using the same 
methods. Ammonia volatilization was also determined 
for the correction of sorbed NH4

+. Sorption isotherms 
were plotted (q vs. Ceq) and the fitness to Freundlich 
and Langmuir adsorption mathematical models were 
tested. 

Mathematical Models  

        Kinetic models: 

The model expressed in Equation (3) was used to 
describe the intra-particle diffusion as the controlling 
step for the adsorption process (Weber and Morris, 
1963; Zhang et al., 2015). 

)3(
2/1

CtpKtq

  

Where kp is the rate constant of intra-particle 
diffusion (mg/g.min1/2), and C (mg/g) is the intercept. A 
linear plot of qt against t1/2 can be used to test the 
goodness-of-fit of the experimental data to the pseudo-
first-order model. 

The Lagergren pseudo-first-order kinetic model can 
be expressed by Equation (4) 

)4()(1 tqeqk
dt

tdq

 

Where k1 is the adsorption rate constant (g/min), qe 

is the amount of phosphate adsorbed at equilibrium 
(mg/g), and qt is the amount of adsorbed phosphate at 
time t (mg/g). For limits of the initial conditions from 
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qt= 0, at t= 0 to qt =qt at time t, the integration of 
Equation (5) yields: 

)5()exp(1 1tkqq et

 
The linearized form of this integral can be expressed 

in Equation (6); 

)6(ln)ln( 1tkeqeqtq

 
Where qe and k1 can be obtained from the regression 
plot of ln(qt-qe) against t. 

The pseudo-second-order model (Ho and McKay, 
1999; Ho, 2006) can be expressed by Equation (7): 

)7(2)(2 tqeqk
dt

tdq

 

The integration of the of Equation (7) for the initial 
conditions qt= 0 at t= 0 yields 

)8(
1 2

2

2

tkeq

tkeq
tq

  

Where k2 is the adsorption rate constant (g/mg min), qe 

is the amount of adsorbed phosphate (mg/g) at 
equilibrium, and qt is the amount of adsorbed phosphate 
at time t (mg/g). 

The linearization of Equation (8) was developed in 
different versions (Ho, 2006; Ghasemi et al., 2013; 
Plazinski et al., 2013) as presented in Table (1).  
Table 1. Different versions of pseudo-second-order 
model used for adsorption kinetics studies 

Linearized versions                 Equation No. 

181
2

1 t
eq

ekqq
t

 

281
2

111
t

e
kqeqq 

381
t
q

ekq
qeq 

482 qekqekqt
q

  

Models for sorption isotherms: 

The empirical Freundlich linearized model 
expressed in Equation (9) was used to describe the 
relation between the amount of adsorbed ammonium or 
phosphate (qe) on biochar and their concentration (Ce) at 
equilibrium.  

)9(log1loglog eCnfkqe

 

Where Kf and 1/n are the constants that reflect the 
capacity and intensity of adsorption. These constants 

can be calculated from the plots of log qe against log Ce, 
were 1/n equals the slope of the straight line and Kf 

equals its intercept. 

Also, the commonly applied Langmuir linearized model 
is expressed in Equation (10). 

)10(
1max

1

max Kqq
e

C

e
q

e
C

 
Where qmax is the maximum monolayer adsorption 
capacity (mg kg-1) and KL is a constant that reflects the 
favorability of the adsorption process. The plots of Ce/qe 

against Ce give a straight line whose slope equals 1/qmax 

and the intercept equals 1/qmax KL. 

Data of the sorption kinetics experiments were 
analyzed to find the most successful mathematical 
model to describe the removal of ammonium and 
phosphate by the generated sugarcane bagasse biochars. 
The least squared differences technique was applied and 
the Coefficient of determination (R2) was used as the 
statistical criteria for the goodness-of-fit of the tested 
models to the experimental data. 

RESULTS AND DISCUSSION 

Characteristics of generated biochars:  

Physical characteristics: 

When 200 g of sugarcane bagasse feedstock (SCBF) 
was soaked in the MgSO4 solution and then dried at 
80 C, the final weight obtained was 302.82 g. The 
percent increase in the Mg-impregnated feedstock was 
54.41% and it was due to the absorbed amount of 
MgSO4 salt within the capillary tissue of the sugarcane 
bagasse. After pyrolysis at 500 C, 51.16 and 105.93 g 
of SCBB and Mg-SCBB were obtained, respectively. 
Thus, the calculated biochar yields from feedstock were 
25.58 and 34.98 % on the dried mass basis (Table 2). 
This was due to dehydration and condensation 
processes. Volatile matter contents were calculated to 
be 74.42 and 65.02 % for SCBB and Mg-SCBB, 
respectively. SCBB ash and moisture contents were 
lower than those of Mg-SCBB due to the higher Mg 
content of the latter. The generated SCBB biochar had a 
black color and Mg-SCBB had a dark gray color and 
higher ash content due also to its high Mg content.  

Chemical characteristics: 

The generated SCBB and Mg-SCBB had higher pH 
values than SCBF (Table 2) and Mg-SCBB was more 
alkaline than SCBB. In addition, the EC values (dS m-1) 
of SCBB and Mg-SCBB were slightly higher compared 
to its value for SCBF feedstock (Table 2). Carbon, 
hydrogen, nitrogen, and sulfur contents of biochars 
were higher than the bagasse feedstock due to 
condensation and they were comparable to those  
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Table 2.Main physical and chemical characteristics of sugarcane bagasse feedstock and the tested sorbents 

Criteria 
SCBF 

Feedstock 
Biochars 

Charcoal Zeolite 
SCBB Mg-SCBB 

Physical characteristics      
Biochar yield, % - 25.58 34.98 - - 
Volatile matter, % - 74.42 65.02 - - 
Ash, % - 15.61 20.64 - - 
Color - black dark gray black white 
Surface area, m2

 

g-1

 

- 38.74 42.12 35.61 49.87 
Chemical characteristics      
EC, dS m-1

 

0.70 0.95 1.02 0.87 0.74 
pH 3.36 7.09 9.88 8.95 6.95 
CEC, cmol kg-1

 

- 34.74 39.57 31.24 48.02 
C, % 42.82 67.61 64.35 65.84 - 
N, % 0.55 0.79 0.73 0.76 - 
C/N ratio 77.85 85.6 88.2 86.63 - 
S, % 0.42 0.39 0.34 0.41 - 

obtained by many researchers (Saleh et al., 2013; Jindo 
et al., 2014; El-Gamal et al., 2017). The elemental 
contents for Mg- 

SCBB were slightly lower compared to SCBB 
presumably due to its higher Mg content. Condensation 
led also to the increase in the C/N ratio from 77.85 for 
bagasse feedstock to 85.6 and 88.2 for SCBB and Mg-
SCBB, respectively. Sulfur content was slightly reduced 
after pyrolysis (Table 2). 

Surface functional groups by FTIR analysis: 

The FTIR spectra of SCB feedstock and the 
generated biochars SCBB and Mg-SCBB are presented 
in Fig. (2). Generally, the peaks obtained for the three 
materials are different in their wave numbers peaks and 
intensities. Peaks of O-H stretching of free hydroxyl 
group were observed within the range from 3813.4 and 
3786.39 cm-1, from 3875.12 to 3757.46 cm-1, and from 
3861.62 to 3734.31 cm-1, for SCBF, SCBB, and Mg-
SCBB, respectively indicating the chemically adsorbed 
water molecules and surface hydroxyl groups. SCBF 
had the highest intensity of free OH peaks and it was 
much lesser in SCBB and Mg-SCBB (Saleh et al., 
2013). This may indicate the loss of free water 
molecules from SCBF during the pyrolysis process at 
500 C.

 

The presence of OH groups and H-bonds bands of 
alcohols and phenols were observed at peaks 3410.26, 
3446.91, and 3396.76 cm-1 for SCBF, SCBB, and Mg-
SCBB, respectively (Jindo et al., 2014). The intensities 
of these peaks were the highest for Mg-SCBB (Daffalla 
et al., 2010). This may be due to the initial impregnation 
of SCBF with a MgSO4 solution, heating at 105 and the 
formation of MgO due to SO2 gas evolution and the 
formation of a surface precipitate of metal oxide and 

hydroxide surfaces (Claoston et al., 2014; Sizmur et al., 
2017). 

Peaks assigned to aliphatic C-H vibrational 
stretching appeared in SCBF spectrum at 2921.61 cm-1 

indicating the presence of alkanes. However, this peak 
was not detected in SCBB or in Mg-SCBB spectra. This 
may indicate dehydration of cellulosic and ligneous 
components and thus the dehydrogenation of methylene 
groups of bagasse feedstock which led to a condensed 
structure of the generated biochars. Peaks of stretching 
C C existed in SCBF, SCBB, and Mg-SCBB spectra at 
2142.99, 2357.09, and 2349.38 cm-1, respectively, with 
descending intensity in the order:Mg-SCBB> SCBB > 
SCBF which is consistent with increasing the degree of 
condensation due to pyrolysis. Peaks at 1633.76, 
1583.61, and 1660.77 cm-1 assigned to C=O groups 
stretching were detected in SCBF, SCBB, and Mg-
SCBB (Harvey et al., 2012; Saleh et al., 2013 and Yao 
et al., 2013). 

Aromatic C=C stretching bands, an indication of 
benzene-like rings, were also indicated by the peaks at 
1402.30, 1417.73, and 1446.66 cm-1 in SCBF, SCBB, 
and Mg-SCBB spectra, respectively, with higher peak 
intensity in SCBB and Mg-SCBB spectra (Harvey et al., 
2012; Saleh et al., 2013; El-Gamal et al., 2017). Bands 
appeared at 500-700 cm-1 may indicate the presence of 
halide-alkyl vibrational stretching and/or inorganic 
metal compounds such as of Ca, Mg, or K (Claoston et 
al., 2014). 

Similarities and differences in the characteristic 
surface functional groups of SCBF and the generated 
biochars reveal that changes occurred in the molecular 
structure and surface configuration of the generated 
biochars leading to the loss of aliphatic, alcohol and  
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Fig. 2. FTIR spectra of SCB feedstock (top), SCBB (middle), and Mg-SCBB (bottom)  
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Fig. 3.SEM images of SCB feedstock (top), SCBB (middle), and Mg-SCBB (bottom) at 100x (left) and 500 x 
(right) magnifications 
alkane compound, sugar, and cellulosic and the increase 
in the aromaticity as temperature increases during 
pyrolysis (Liu et al., 2015; Carrier et al., 2012; Saleh et 
al., 2013; El-Gamal et al., 2017). 
Microstructure using SEM imaging. 

The microstructure of SCBF, SCBB, and Mg-SCBB 
was investigated by SEM imaging (Fig. 3). It can be 
observed that SCBF has a complex porous network and 
that it has fibrous, smooth surfaces in which macropores 
are dominant. However, pyrolysis at 500 C led to 

coarse surfaces of the generated biochars specially Mg-
SCBB and a more porous structure can be seen in the 
SEM images. More meso- and micropores in the 
generated SCBB biochar were developed on the account 
of macropores. Micropores were even increased in Mg-
SCBB biochar compared to SCBB. The development of 
these micropores in Mg-SCBB may explain the higher 
surface area measured for this modified biochar (Table 
2). Due to MgSO4 impregnation, surface coverage with 
Mg(OH)2 or MgO crystals could be also identified on 
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Mg-SCBB surfaces compared to SCBB. Changes in the 
pore configurations of the generated biochars compared 
with the feedstock are presumably due to the thermal 
decomposition of cellulose and hemicellulose during the 
pyrolysis process leaving the cell walls which has 
higher proportions of lignin compounds. These results 
are similar to those obtained by Bonelli et al. (2006), 
Carrier et al. (2012), Harvey et al. (2012), Saleh et al. 
(2013); Liu et al. (2015), and El-Gamal et al. (2017) 
who observed similar changes in the surface 
morphology and size distribution of pores of biochars 
generated by the pyrolysis of sugarcane bagasse and 
other agricultural waste materials. These changes were 
found to be dependent on the type of feedstock, 
pyrolysis temperature, and the pre- or post-pyrolysis 
treatments (El-Gamal et al., 2017; Sizmur et al., 2017).  

Adsorption kinetics of ammonium and phosphate 
ions: 

Results of adsorption kinetics of ammonium ions 
(Fig. 4) revealed that sorption of ammonium from 
aqueous solutions by the tested sorbents was very fast 
during the first two hours. SCBB and Mg-SCBB were 
capable of removing ammonium from the aqueous 
solution at both 1:200 and 1:500 sorbent to solution 
ratios. For 1:200 ratio and 23 mg/l of initial ammonium 
concentration, the maximum ammonium removal 
percent had the order: Zeolite> Mg-SCBB> SCBB> 
Charcoal (96.41, 80.38, 67.87, and 61.81%, 

respectively) and were achieved after 12 h of contact 
time. However, the ammonium removal percents for 
these sorbents were very close to each other at 1:500 
ratio and they were generally lower than those at 1:200 
(72.78, 52.58, 51.13, and 50.19%, for Zeolite, Mg-
SCBB, SCBB, and Charcoal, respectively). The 
developed meso- and micropores in the porous 
structure, due to modification by MgSO4 impregnation 
of SCBF, enhanced the efficiency of Mg-SCBB to 
remove ammonium from solution compared with SCBB 
and it performed comparably to Zeolite and Charcoal. 
Similar results were obtained Yao et al. (2013), Fang et 
al. (2014) and Takaya et al. (2016) who found that 
pretreatments of biomasses with metal solutions 
enhanced the efficiency of the generated biochars in 
removing inorganic ions (NH4

+, NO3
-, PO4-P) from 

aqueous solutions. 

Ammonia volatilization continued during the 
ammonium adsorption process due to the alkaline 
conditions of the solution (Fig. 5). Mg-SCBB exhibited 
the highest cumulative ammonia volatilization. This 
could be explained by its strong alkaline effect due to 
MgO hydrolysis compared with the other sorbents (Fig. 
6). However, SCBB and Zeolite recorded the least 
cumulative ammonia volatilization due to their lower 
solution pH. Cumulative ammonia volatilization for the 
tested sorbents did not change considerably between the 
1:200 and 1:500 ratios.  

 

Fig. 4. Percent of NH4
+ removal from aqueous solutions by different sorbents at A) 1:200, and B) 1:500 

sorbent: solution ratios 
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Fig. 5. Cumulative percent of ammonia volatilization during NH4
+ sorption from aqueous solutions by 

different sorbents at A) 1:200, and B) 1:500 sorbent: solution ratios 

 

Fig. 6. Changes in pH during NH4
+ or P removal from aqueous solutions by different sorbents at A) 1:200, and 

B) 1:500 sorbent: solution ratios  
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Fig. 7. Percent of phosphate removal from aqueous solutions by Mg-SCBB at 1:200 and 1:500 sorbent: 
solution ratios 

Table 3. Regression parameters of fitting NH4
+ and P adsorption kinetics data to different linear forms of 

pseudo-second-order equation 
Sorbate/Sorbent Ratio Eq. Slope Intercept R2 Sorbate/Sorbent Ratio Slope Intercept R2 

NH4/SCBB 1:500 6-1 1.0E-04 1.0E-04 0.997 P/Mg-SCBB 1:200 2.0E-04 2.0E-04 0.991 

  

6-2 5.0E-05 1.0E-04 0.628   4.0E-04 2.0E-04 0.901   

6-3 -0.5921 7419.6 0.914   -1.1649 4621.6 0.870   

6-4 -1.5431 11682 0.914   -0.7464 3613.7 0.870 

NH4/SCBB 1:200 1 3.0E-04 1.0E-04 0.999 NH4/Zeolite 1:500 1.0E-04 1.0E-04 0.997   

2 3.0E-05 3.0E-04 0.682   5.0E-05 1.0E-04 0.629   

3 -0.5865 3466.2 0.763   -0.5918 7418 0.914   

4 -1.3007 4801.1 0.763   -1.544 11687 0.914 

NH4/Mg-SCBB 1:500 1 1.0E-04 4.0E-05 1.000 NH4/Zeolite 1:200 2.0E-04 1.0E-04 0.998   

2 1.0E-05 1.0E-04 0.929   9.0E-05 2.0E-04 0.659   

3 -0.5837 8750.6 0.750   -0.8361 4858.5 0.802   

4 -1.2851 12023 0.750   -9.6E-01 4943.5 0.802 

NH4/Mg-SCBB 1:200 1 3.0E-04 1.0E-04 0.999 NH4/Charcoal 1:500 1.0E-04 1.0E-04 0.997   

2 3.0E-05 3.0E-04 0.605   4.0E-05 1.0E-04 0.618   

3 -0.6287 4078 0.681   -0.5789 7306.8 0.911   

4 -1.083 4852 0.681   -1.5735 11738 0.911 

P/Mg-SCBB 1:500 1 1.0E-04 2.0E-05 0.996 NH4/Charcoal 1:200 4.0E-04 2.0E-04 0.996   

2 1.0E-04 9.0E-05 0.710   3.0E-05 4.0E-04 0.210   

3 -0.8975 10281 0.736   -0.477 2572.8 0.834   

4 -0.8195 9197.2 0.736   -1.7482 4671.9 0.834 

The total removal percent of ammonium (adsorbed + 
volatilized) was calculated for the tested sorbents after 
12 h and at 1:200 ratios and it was found to follow the 
order: Zeolite> Mg-SCBB> SCBB> Charcoal (95.89, 
89.59, 70.78 and 67.17%, respectively). 

Although adsorption of phosphate from aqueous 
solutions was not observed at all for Zeolite, Charcoal 
or SCBB, it was only evident for Mg-SCBB. Maximum 
removal percent of phosphate by Mg-SCBB was 
reached after 2 h of contact time (Fig. 7). Phosphate 
removal was higher at 1:200 than at 1:500 ratios (79.88 
and 50.01%, respectively) exhibiting the same kinetic 

trend at the two ratios. Yao et al. (2013) found that Mg-
modified biochars were found to have a better ability of 
phosphate removal from aqueous solutions. They 
reported that Mg(OH)2 and MgO nanoparticles were 
developed on the particles' surfaces of Mg-modified 
biochars which served as the sorption sites for aqueous 
phosphate.  

Fitting the sorption data of ammonium and 
phosphate kinetics models revealed that the pseudo- 
second-order equation (Eq. 6) was capable of 
representing the experimental data.  
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Table 4. Adsorption kinetics parameters calculated from fitting the linearized form of pseudo-second-order 
equation (Eq. 6-1) 

Sorbate/sorbent/ratio Slope Intercept R2 qe 

mg kg-1 k 

NH4/SCBB/200 3.0E-04 1.0E-04 0.999 3333.3 9.0E-04 
NH4/SCBB/500 1.0E-04 1.0E-04 0.997 10000.0 1.0E-04 
NH4/Mg-SCBB/200 3.0E-04 1.0E-04 0.999 3333.3 9.0E-04 
NH4/Mg-SCBB/500 1.0E-04 4.0E-05 1.000 10000.0 2.5E-04 
NH4/Zeolite/200 2.0E-04 1.0E-04 0.998 5000.0 4.0E-04 
NH4/Zeolite/500 1.0E-04 1.0E-04 0.997 10000.0 1.0E-04 
NH4/Charcoal/200 4.0E-04 2.0E-04 0.996 2500.0 8.0E-04 
NH4/Charcoal/500 1.0E-04 1.0E-04 0.997 10000.0 1.0E-04 
P/Mg-SCBB/200 2.0E-04 2.0E-04 0.991 5000.0 2.0E-04 
P/Mg-SCBB/500 1.0E-04 2.0E-05 0.996 10000.0 5.0E-04 

  

Fig. 8.Fitting data of NH4
+ and P adsorption by SCBB and Mg-SCBB to the linear form Eq. 6-1 of the pseudo-

second-order kinetic equation 
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Fig. 9.Fitting data of NH4
+ and P adsorption by Zeolite and Charcoal to the linear form Eq. 6-1 of the pseudo-

second-order kinetic equation 

 

Fig. 10. Fitting data of NH4
+ adsorption on the tested sorbents to A) Freundlich, and B) Langmuir models 
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Table 5. Calculated parameters of Freundlich model from the corresponding linear regressions 
Sorbate/sorbent slope intercept R2

 
1/n Kf

   
Ammonium   

NH4/SCBB 0.895 3.099 0.982 0.894 1255.5 
NH4/Mg-SCBB 0.756 3.411 0.913 0.756 2573.9 
NH4/Zeolite 0.636 3.377 0.872 0.636 2379.6 
NH4/Charcoal 0.510 3.465 0.911 0.510 2920.1    

Phosphate    
P /Mg-SCBB 0.478 3.602 0.982 0.478 4002.2 

 

Fig. 11. Fitting data of P adsorption on Mg-SCBB to A) Freundlich, and B) Langmuir models 

Regression parameters of fitting ammonium and 
phosphate adsorption data are listed in Table (3). 
Plotting the values of t/q vs. t had the highest 
determination coefficient (R2) of the linear regression 
plots for all the tested sorbents and ratios (Fig. 8 and 9). 
Therefore, the linearized form Eq. (6-1) of the pseudo-
second-order equation was the best fit. This may 
suggest the intraparticle diffusion controlled adsorption 
of ammonium and phosphate on the tested biochars 
(Ghasemi et al., 2013; Plazinski et al., 2013; Zhang et 
al., 2015). Parameters of adsorption kinetics (qe and k) 
were then calculated using the obtained slope and 
intercepts of Eq. (6-1). Generally, the adsorption 
capacity of ammonium from the aqueous solutions by 
SCBB and Mg-SCBB were similar and it was higher at 
1:500 than at 1:200 (10000 and 3333.3 mg NH4

+ kg-1, 
respectively). The same trend of qe was found for 
phosphate adsorption by Mg-SCBB which recorded 

5000 and 10000 mg PO4 kg-1 at 1:200 and 1:500, 
respectively. 

Adsorption isotherms: 

Data of ammonium adsorption by the tested sorbents 
at different concentrations showed that adsorption of 
ammonium increases with increasing its initial 
concentration in the aqueous solution for all sorbents. 
Fitting these data to different isotherm models revealed 
that Freundlich isotherm model was the best fit model 
(highest R2) to describe the experimental data (Fig. 10) 
followed by Langmuir model (R2 from 0.624 to 871). 
The parameters of Freundlich model were calculated 
from the regression equations obtained (Table 5). The 
calculated parameters may indicate that adsorption 
capacity (Kf) of sorbents for ammonium followed the 
order: Charcoal> Mg-SCBB> Zeolite> SCBB (Table 5). 
However, the intensity parameter (1/n) had the range 
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from 0.510 to 0.894 and followed the order: SCBB> 
Mg-SCBB> Zeolite> Charcoal. The calculated n values 
ranged from 1.96 to 1.12 (between 1 and 10). This may 
indicate the favorable adsorption of ammonium by the 
all tested sorbents (Hafshejani et al., 2016). 

Isotherms of phosphate adsorption by Mg-SCBB 
(Fig. 11) confirm that adsorption of phosphate on Mg-
SCBB was affected by phosphate concentration. These 
data were better fitted to the Freundlich model than the 
Langmuir model (R2: 0.97 and 0.89, respectively). The 
calculated phosphate adsorption capacity and intensity 
of this sorbent were 4002.2 and 0.478 mg kg-1, 
respectively. The calculated value of n (2.09) may 
indicate the favorable adsorption of phosphate ion on 
Mg-SCBB. These results are consistent with those 
obtained by Shwantes et al. (2015).  On the other hand, 
Trazzi et al. (2016) found that Langmuir model gave 
higher R2 than Freundlich model for adsorption of 
phosphate ions on sugarcane bagasse biochar.  

Accordingly, SCBB and Mg-SCBB biochars proved 
to have the ability to adsorb ammonium from aqueous 
solutions compared with the well-known sorbents 
Zeolite and Charcoal. In addition, Mg-SCBB was the 
only sorbent capable of removing both ammonium and 
phosphate from these solutions. Therefore, Mg-SCBB 
can be used for an efficient dual removal of these two 
ions from aqueous solutions. 

CONCLUSIONS 

Pyrolysis of sugarcane bagasse at 500 C under 
oxygen-limited condition produced a biochar which is 
capable of efficiently removing ammonium ions from 
aqueous solutions and it was comparable to commercial 
Charcoal and Zeolite sorbents. Pre-pyrolysis MgSO4 

impregnation of bagasse feedstock produced modified 
biochar with a dual capability of removing ammonium 
and phosphate ions from aqueous solutions. Changes in 
the physical and chemical properties occurred in the 
generated biochars as compared to the feedstock. 
Analysis of FTIR bands and SEM investigations 
revealed that surface chemical functional groups and 
meso- and micropores were developed due to pyrolysis. 
Adsorption kinetics data of both ammonium and 
phosphate ions on the tested sorbents were best 
described by the linearized form of the second-pseudo-
order equation indicating the intraparticle diffusion 
controlled adsorption of ammonium and phosphate. 
Ammonium and phosphate adsorption isotherms were 
best fitted to the Freundlich model and revealed that the 
adsorption of these ions was favorable by the generated 
biochars. The Mg-modified sugarcane bagasse biochar 
can be considered as a promising sorbent for dual 
removal of ammonium and phosphate ions from 
aqueous solutions. Further research is needed to 

investigate the influences of various physical and 
chemical factors on the efficacy of this biochar in 
remediating contaminated wastewater. 
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