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ABSTRACT  

Agricultural residues of rice straw (BC-R) and leaves of palm trees (BC-P) were used for 
preparation the materials of nano biochar. The results of chemical and physical properties showed that 
the obtained nano biochars have moderate high saturation percent, and cation exchange capacity, and 
low contents of N, P and K. The Fourier Transform Infrared spectroscopy (FT-IR) analysis show that 
the surface of biochar have high number of surface functional groups which verifying the high 
reactivity of biochar. Transmission Electron Microscopy "TEM" images verified the nano range of 
biochar particles that varied between 3.89 and 11.3 nm which implies that the prepared biochar 
reflects the characteristics of nano materials. The prepared biochar had infinite capacity to adsorb 
nutrients cations (NH4

+) and anions (H2PO4
-) since the adsorption isotherm gives out straight line 

throughout wide range of concentrations varied from 1-1000 mmoll-1. The adsorption kinetic shows 
two different patterns of reactions, an initial fast one conducted to relatively short period (a matter of 
2 hours) on which almost all added quantities of nutrients are adsorbed due to physical adsorption, 
i.e., ion exchange reaction, followed by a slow one conducted for long period (one week) due to 
steady ion diffusion and specific chemical reaction. Desorption experiments showed that only small 
ratios of the previously adsorbed nutrients (≈ 20 to 30 % of NH4

+, and ≈ 10 % of H2PO4
-) are 

desorbed, indicating that biochar service double purposes, as instant supplier and as a reservoir 
preserving nutrients for plants. 

 
Keywords: Nano biochar; nutrients, ammonium, phosphate, adsorption, desorption.   
 
Introduction 

Biochar is a solid material formed by biomass thermochemical process under conditions of lack of 
oxygen (gasification) or oxygen free (pyrolysis), which possesses good pore structure, large specific 
surface area and a variety of surface oxygen-containing functional groups. Biochar is an organic 
material has potential role in carbon sequestration, reducing greenhouse gas emissions, waste 
mitigation, and as a soil amendment (Wang et al., 2017). Biochar improves soil fertility through its 
positive influence on physical-chemical properties, since not only improves water retention, 
aggregation and permeability, but its high charge density can also hold large amounts of nutrients, 
increasing crop production. However, it was observed that combustion temperature could affect the 
degree of aromaticity and the size of aromatic sheets, which in turns determine short-term 
mineralization rates. Phosphorus is an important nutrient, which determines agricultural productivity, 
because it plays key roles in plant metabolism, structure, and energy transformation (Dixon et al., 
2010). Plants can acquire P as phosphate anions (H2PO4

‒) from the soil solution (Debicka et al., 
2016). Previously, the P transformation rate between soil solution and soil solids was reported to be 
highly dependent on phosphate adsorption and desorption characteristics (Xia et al., 2002). Therefore, 
P adsorption and desorption restricts the capacity of supplying soil P, which affects P uptake and 
utilization by plants. A better understanding of P adsorption and desorption in agricultural systems is 
critical for improving P sustainability and increasing crop productivity. An study on increasing the 
efficiency of P fertilization involves as using biochar soil amendment. Due to the physical and 
chemical properties of biochar, it has been used as a potential soil-amending agent for improving soil 
P availability by reducing soil P fixation and increasing crop productivity (Dong et al., 2017). Biochar 
not only alters P availability directly through its anion exchange capacity or effects on the activity of 
cations that interact with P, but also exerts indirect effects on P retention and release through changes 
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in the soil microbial environment (Atkinson et al., 2010). Some investigations involving biochar-
amended soil have shown that biochar amendment can reduce the fixation of H2PO4

‒   (Major et al., 
2012). Therefore, characterizing P adsorption and desorption in soil under biochar amendment is 
necessary for the development of effective P fertilizer-use strategies. Moreover, biochar play an 
important role in soil nitrogen cycle via reducing inorganic-N leaching and N2O emission (Pan et al., 
2017), increasing biological N fixation (Rondon et al., 2007) and enhancing N availability for crops 
(Zheng et al., 2013). Therefore, biochar may impact the process of soil nitrification. Moreover, many 
studies have shown that biochar addition significantly accelerated soil nitrification and improved the 
amount of soil ammonia-oxidizing microorganisms (Nelissen et al., 2012). In forest soil, the 
abundance of ammonia-oxidising bacterial (AOB) and nitrification rate has found to increase with the 
charcoal addition. This is explained by the biochar adsorption of nitrification-inhibiting compounds 
such as terrenes and phenols (Ball et al., 2010). A number of ammonium and phosphate adsorbents 
have therefore been considered including chars obtained from the thermal treatment of organic matter 
in an oxygen-free atmosphere (biochar) or in the presence of subcritical water (hydrochar). Both 
biochar and hydrochar are heterogeneous structures comprised of carbonized organic matter, 
inorganic matter, sorbed volatiles and functional groups of nitrogen, sulfur and oxygen (Spokas et al., 
2012). They are becoming increasingly attractive in a number of sectors as they can be derived from a 
wide range of waste biomass feedstock and show potential as cost effective, environmentally 
sustainable products for integrated waste management. Indeed, the application of biochar as 
adsorbents for soil nutrients, wastewater contaminants, pathogens and gases have been widely 
researched (Wang et al., 2015). Available metal concentration in contaminated soils can be minimized 
through biological immobilization and stabilization methods using a range of organic compounds, 
such as biochar, which is a form of environmental black carbon, produced using the pyrolysis of C-
based biomass (Verheijen et al., 2010). Incorporation of biochar can influence soil structure, texture, 
porosity, particle size distribution and density, thereby potentially altering air oxygen content, water 
storage capacity and microbial and nutritional status of the soil within the plant rooting zone  Biochar 
soil additions also influence chemical properties of the soil such as changes in pH, electrical 
conductivity (EC), cation exchange capacity (CEC), nutrient levels  (Amonette and Joseph, 2009) and 
consequently metal sorption efficiency (Beesley et al., 2010). Sorption efficiency as a major process 
responsible for the fate of metals in soils is usually based on laboratory batch experiments aimed to 
quantify the distribution coefficient, an operational parameter that relates the amount of metal sorbed 
in the soil solid phase to the metal concentration in the soil solution at equilibrium (Vidal et al., 2009). 
Previous studies have shown that biochar adsorption of ammonia and phosphate is influenced by 
many factors including the biochar pyrolysis temperature, pH value, adsorption time, interfering ions, 
adsorption reaction temperature, initial ammonia concentration (Fungo et al., 2019).  

The objectives of this study are prepare and characterize nano biochar using rice straw and leaves 
of palm tree, determine the capacity of the prepared biochar in adsorption/desorption  of two major 
nutrients cation (NH4

+) and anion (H2PO4
‒) to evaluate biochar efficiency to preserve nutrients against 

losses.  
 

Materials and Methods 
 
Biochar preparation and characterization 
 

Biochar was produced from rice straw (BC-R) and leaves of palm tree (BC-P) waste 
materials. They were cut down into small pieces (3cm) and air-dried for 8 hours at 60 ºC until 
constant weight. The pyrolysis process was done for both materials using muffle furnace at 450 ºC for 
1 hour (Wang et al., 2015), then the produced biochar was crushed, and conserved in plastic sealed 
bags  inside a desiccators for the determination of physical and chemical properties, characterization, 
and lab and field experiments. 

 
Analytical procedure 
 

           Briefly, ash content was determined by dry digestion of biochar at 450 ºC for 3 hours 
(Yerokun et al., 2007). The pH and EC of biochar materials were measured in suspensions (1:5) of 
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solid: de-ionized water. The suspension was heated to ≈ 90 ºC and stirred for 20 minutes to allow the 
dissolution of the soluble biochar components. The suspensions were then cooled to room temperature 
(Masulili et al., 2010), after which the pH was measured using pH meter (WTW Series pH 720, UK), 
whereas the EC was measured in filtrated clear solution using EC meter (WTW Series Cond 720, 
UK). Cation exchange capacity was determined using ammonium acetate method as described by 
Abdelhafez et al. (2014). Total P and K of biochar were determined in the supernatant of biochar acid 
digestion extract of Nitric acid (HNO3) and hydrogen peroxide (H2O2) (Huang and Schulte, 1985). 
Total phosphorus was measured at wave length 420 nm using Spectrophotometer (Jenway 6705 
UV/Vis UK), while total potassium was measured using Flame Photometer (Jenway PFP7 UK). Total 
N was determined in a digestion extract of concentrated sulfuric acid (H2SO4) and hydrogen peroxide 
(H2O2) by Ammonia Distilling Unit according to the procedure described by Jackson (1958). The two 
types of biochar were subjected to test using Fourier Transform Infrared spectroscopy (FT-IR) to 
define the surface functional groups (4100 Jasco – Japan). They also subjected to test using JEOL 
Transmission Electron Microscopy "TEM" to measure the particle size, and morphology (JEM-1400 
TEM, Japan). 

 
Adsorption Experiments 
 

Batch adsorption experiments was performed by shaking at room temperature 25℃±1, 1g of 
adsorbent materials (BC-R and BC-P) placed in a 500 ml glass bottle containing 100 ml of 
ammonium phosphate (NH4H2PO4) solution of series of relatively low concentrations of NH4

+ and 
H2PO4

‒ ranged from 0.5 to 5 mmoll-1. Based on the obtained linear isotherm, higher concentrations 
ranged from 10 to 1000 mmoll-1 were adopted to make sure of the linearity isotherm. In all cases, 
solutions are adjusted to pH of 7.0. The reacted mixtures were then subjected to agitation using a 
horizontal shaker at100 rpm for 24 hrs. At the end of the equilibrium periods, the mixtures were 
filtered using filter paper (Whatman No.1) The concentrations of NH4

+ and H2PO4
‒ were determined in 

the supernatant solution using Ammonia Distilling Unit and Spectrophotometer, respectively, as 
described previously (Chapman and Pratt, 1961). The adsorbed quantities of NH4

+ and H2PO4
‒ were 

calculated as the difference between initial and equilibrium concentration. The adsorption isotherms 
of NH4

+ and H2PO4
‒ on biochar were depicted as a relation between adsorbed quantities (Q) and 

equilibrium concentrations. 
 
Desorption experiments 
 

At the end of the adsorption experiment, the reacted samples were subjected to desorption 
using KCl solution of concentrations double that used in adsorption ones which were 1.0, 2.0, 4.0, 
10.0, 20.0, 100.0, 200.0, 1000.0 and 2000.0 mmoll−1. The suspensions were agitated on a shaker at100 
rpm at room temperature at 25℃±1 for 24 hours. At the end of the experiment, the suspensions were 
filtered through Whatman No.1 filter paper. The concentrations of NH4

+ and H2PO4
‒ were determined 

as describe above, then the desorbed quantities of NH4
+ and H2PO4

‒ were calculated based on their 
concentrations in the reacted solutions at the end of the desorption experiment. 

 
Adsorption kinetic experiment  
 

Kinetic of adsorption of NH4
+ and H2PO4

‒ on biochar materials (BC-R and BC-P) were 
studied. To one gram of biochar, 100 ml of NH4H2PO4 solution (1mmoll-1) was added. The mixture 
was shaken at room temperature (25℃±1) and 100 rpm for different periods of 5 min, 15, 30 min, 1, 
2, 5, 12, 24, 48 hrs and one week. Then the solutions were filtered, and the supernatant were analyzed 
to determine NH4

+ and H2PO4
‒ as the above mentioned. The adsorbed quantities of NH4

+ and H2PO4
‒   

were calculated by the difference between initial and equilibrium concentrations of above mentioned 
different times. Then, the reacted biochar samples were subjected to desorption experiment using100 
ml of KCl solution of concentration of 2 mmoll−1 as desorbing agent. The suspensions were agitated 
on a shaker at 100 rpm at room temperature of 25℃ ±1 for 24 hrs. Then the suspensions were filtered, 
and then NH4

+ and H2PO4
‒ concentrations were determined as previously described. 
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Results and Discussion 
 
Biochar characterization 
 
Chemical composition of biochar 

The results in Table (1) show the chemical and physical properties of the two types of biochars 
produced from rice straw (BC-R) and leaves of palm tree (BC-P). The results indicated some kind of 
differences between the two types of biochar. The saturation percent (SP%), moisture percent and 
density of BC-P are higher than BC-R., likewise ash percent  and cation exchange capacity (CEC). 
While total N and P in BC-R are higher than those of BC-P, total K in BC-P is higher than BC-R. The 
pH values of the two types are relatively high (9.1 and 8.3 for BC-R and BC-P, respectively). The EC 
values are exist in the accepted range (3.55 and 3.25 dSm1-, for BC-R and BC-P respectively).  

 
Table 1: Physical and chemical properties of biochar 

Characteristic BC-R* BC-P** 

SP 180 200 

density (g/cm3) 0.13 0.30 

Moisture (%) 4.75 5.59 

Total N (%) 0.07 0.04 

Total P (%) 0.07 0.06 

Total K (%) 0.09 0.32 

pH (1:5) 9.1 8.30 

EC(dSm-1) 3.55 3.25 

Ash (%) 55 70 

CEC***(Cmolc/kg) 45 51 

*(BC-R) biochar of rice straws; **(BC-P) biochar of   leaves of palm tree; and *** CEC= Cation Exchange capacity 

 
Fourier Transform Infrared spectroscopy (FT-IR) 
 FT-IR spectral analysis was done for the materials of two types of biochar to identify the 
surface functional groups. This analysis is important to identify characteristic functional groups which 
determine the reactivity of biochar and its efficiency for adsorption/desorption of solutes of soil 
solution. The FT-IR spectrum indicated that both the two types of biochar are functional-group-rich as 
shown in Fig. (1).The data of FT-IR of BC-R show various peaks represents different functional 
groups exist on the biochar surface including, peak No.1 at position 3432.67 cm-1 represents O–H 
alcohols and phenols (H-bonding). Peaks No.2, 4، and 7 at positions 2923.56, 1438.64, and 708.712 
cm-1, represent C-H alkanes group, and peak No. 6 at position 876.488 cm-1 represents C-H aromatics. 
Peak No. 3 at 1620.88 cm-1 represents carbonyl group (C=O). Peak No.5 at position 1104.05 
represents C-N (aliphatic amine), and Peak No.9 at 612.288 cm-1 represents C-Br (alkyl halides). 
Peaks similar to those identified for BC-R are obtained for BC-P. That is besides, other peaks, such 
the one exist at position 2274.63 cm-1 (peak No.4) which represents the aldehydes functional group 
(H-C=O: C-H). Peak No.5 at position1625.7 cm-1 represented amines functional group (N-H) and 
peak No.10 at position 615.181cm-1 represents C-Br alkylhalides (Qian et al., 2013). 
 
Transmission Electron Microscopy "TEM" 

The prepared two types of biochar are examined using Transmission Electron Microscopy 
"TEM" to define the morphology of the particles and measure the particle size. The images (Fig.2) 
show the spherical shapes of the particles. The size of BC-R particles varied between 5.59 and 11.3, 
and those of BC-P varied between 3.29 and 6.08 nm. So, the prepared biochar reflects the 
characteristics of nano materials, e.g. high surface reactivity, high adsorption capacity of ions, and an 
infinite nano pores comparing with the corresponding materials of macroscopic world.  

 
Adsorption/desorption of nutrients on biochar  
     Adsorption isotherm (Fig.3) show that the relation between adsorbed quantities of nutrient (NH4

+ 
and H2PO4

‒) and their equilibrium concentrations, on BC-R and BC-P  give out straight lines which 
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are identical to the type C (constant isotherm). The obtained linear ship means that the adsorptive ion 
is distributed between the adsorbent and the solutions at constant ratio whatever the added quantity 
(Sposito, 2008). The linear ship of adsorption is conducted even at relatively high concentrations not 
usually used in adsorption experiments which explain that the two types of biochar have infinite 
adsorption capacity. This infinite adsorption capacity of nutrients take place not only on the surface of 
biochar but also inside the pores exist on the structure of biochar. The structural pores are expected to 
be much higher in the nano materials comparing with those exist in their corresponding of 
conventional materials of macroscopic world. The adsorption isotherm (Fig.3) showed that the 
capacity of BC-R to adsorb and remove nutrients cation "NH4

+" and anion "H2PO4
‒" from solution is 

higher than BC-P particularly at the higher equilibrium concentration.  
 

 

 
Fig. 1: FT-IR spectra of rice straw (a) and leaves of palm tree biochar (b). 

 
These results indicate that addition even small quantities of biochar to soil will increase the capacity 
of soil to adsorb and preserve nutrients against losses. The results of Fig. (3) showed that, at similar 
concentrations of added NH4

+ and H2PO4
‒, adsorbed phosphorus quantities are higher (≈three times) 

than ammonium adsorbed ones. Higher adsorption capacity of phosphate could be attributed to the 
high number of functional groups exist on biochar, particularly the groups contain oxygen (exogenous 
groups), e.g -OH and C=O, are able to make chemical bonding with H2PO4

‒ through ligand  exchange 
mechanism (Takaya et al., 2016). Also phosphate anion (H2PO4

‒) could be exchanged with alkyl 
halides group of C-Cl and C‒Br, through simple anion exchange mechanism. On the other hand, 
ammonium (NH4

+) cation could only adsorbed through cation exchange process on the sites carrying 
negative charge. Which is partially dependent on the value of cation exchange capacity (CEC) of BC-
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R and BC-P which is limited comparing with the large number of functional groups responsible for 
phosphate adsorption (Takaya et al., 2016 and Xu et al., 2019) 

The previously adsorbed quantities of NH4 and H2PO4
‒ were subjected to desorption trail. The 

result (Table 2 and Fig. 4) showed that the ratio between desorbed and adsorbed quantities (desorbed / 
adsorbed×100) varied as both the adsorbents and the adsorptive varied, and to a little degree as the 
added nutrients varied. Except for the lowest added concentration (1 mmoll-1), the ratio of desorbed 
NH4

+ was almost constant (varied between 14.6 to 16.5 %), whereas the ratio at 1 mmoll-1was 
relatively higher (23%). This variation could be attributed to that, the ions   first adsorbed on the sites 
of low bonding energy and at low surface average are easily to be desorbed. 

  
Table 2: Desorption/adsorption ratio (%) of NH4

+ and H2PO4
‒ on biochar. 

BC- P BC- R Added 
Conc. (mmoll-1) H2PO4

‒   NH4
+ H2PO4

‒   NH4
+ 

10.6 30.5 9.5 23.0 1 
10.6 20.5 9.6 15.0 5 
11.1 20.7 9.3 14.6 10 
10.4 19.1 9.4 15.5 50 
10.2 17.9 9.3 16.2 100 
10.2 19.5 9.6 16.5 500 
10.5 20.4 9.5 15.3 1000 

 

 

 
Fig. 2. Transmission Electron Microscopy (TEM) for rice straw (a) and leaves of palm tree (b) 

biochar. 
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As the concentration of added ions increased, the adsorption continues on the sites of high bonding 
energy which is not easily to be desorbed. Similar trued, but with different and higher ratios, are 
reported for NH4

+ from CB-P. Except for the lowest added concentration, the desorbed ratio were 
almost constant (varied between 17.9 to 20.5 %),whereas that of lowest concentration was higher 
(30.5%), Dissimilar to NH4

+ the ratios of H2PO4
‒  desorbed from that previously adsorbed on BC-R 

and BC-P were almost constant and lower than those of NH4
+ for all added  concentrations. The ratio 

was almost constant (an average of 9.4%) for BC-R, and roughly 10.6% for BC-P the constant and 
lowers ratio recorded for H2PO4

‒ desorption indicated that the mechanism responsible for adsorption 
of H2PO4

‒   on biochar is different than that of NH4
+. Only one mechanism seems to be responsible for 

H2PO4
‒ adsorption which could be specific adsorption due to lower desorption ratios and to the 

constant of the desorbed ratio, which is in agreement with the mechanism suggest in the previous part 
of adsorption phenomena 
 

 

 
Fig. 3: Adsorption isotherm of NH4

+ (a) and H2PO4
‒ (b) on rice straw and leaves of palm tree biochar. 

 
Adsorption kinetic of NH4

+ and H2PO4
‒   on biochar 

Adsorption kinetic of NH4
+ and H2PO4

‒ on biochar on BC-R and BC-P were studied using 
single concentration of 1 mmoll-1 of both nutrient and the data are presented in Fig. (5). the obtain 
adsorption curves show two different trends of adsorption. The first  one sustain for a short period of 5 
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hours which show a rapid removal for added nutrients (NH4
+ and  H2PO4

‒) on which almost all added 
nutrient, are removed, followed by a reaction of slow removal of nutrients sustain for a long period of 
one week on which low quantities of added nutrients are removed from solution.  
 

  

  
Fig. 4: Adsorption /desorption of NH4

+ (a) and H2PO4
‒ (b) on rice straw and palm tree biochar. 

 
The first period represent a fast and simple ion exchange reaction between added nutrients 

(NH4
+ and H2PO4

‒) and exchangeable ones exist on biochar surface a long range order the second 
period is a long time reaction represent the diffusion of nutrients ions in the surface and pores of 
biochar to form a chemical bonding with surface functional groups, i.e. a short range order. The 
previously ions adsorbed quantities were subjected to desorption experiment and the data represented 
in Fig (5). The desorption / adsorption ratio are calculated and presented in Table (3). The desorption 
/adsorption percent of NH4

+ are almost equal and not widely changed as type of biochar and reaction 
time changed. Generally the ratios reported for NH4

+ are higher than their corresponding of H2PO4
‒. 

The reaction of NH4
+ varied between 21.5-29.7, wheares those reported for H2PO4

‒ were lower and 
ranged from 9.8 - 10.3. These results showed that the release of NH4

+ are much more easily than that 
of H2PO4

‒, which explain that the specific adsorption mechanism is dominant for H2PO4
‒, whereas, 

physical adsorption mechanism (simple ion exchange reaction) is the dominant for H2PO4
‒. 
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Fig. 5: Adsorption kinetic of NH4

+ and H2PO4
‒ on rice straw biochar and it's desorption. 

 
Table: 3 Desorption/adsorption ratios (%) of NH4

+ and H2PO4
‒   on biochar. 

Time  
(min) 

BC- R BC-P 
+

4NH   ‒
4PO2H +

4NH   ‒
4PO2H 

5 23.8 10 22.2 9.8 
15 22.9 9.9 26.9 9.5 
30 25.2 9.8 24 9.8 
60 24.4 9.8 25.  9.8 

120 24.2 9.9 27.1 10.1 
300 22.7 10 27.6 10.2 
720 21.6 10.4 29.7 10 

1440 24.4 10.2 25.8 10 
2880 21.5 10 29.7 10.2 
10080 23.1 10.1 29.5 10.3 
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Fig. 6: Adsorption kinetic of NH4

+ and H2PO4
‒ on palm tree biochar and it's desorption 
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