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Abstract

  Papyrus culm derived activated biochars were prepared through carbonization and air oxidation 
at 400-600C. The activated biochars were analyzed by SEM-EDS, FT-IR, Raman, BET, and XRD 
techniques. The best product was collected for use as filter material in aquaponics. It was found 
that the activated biochars have diverse properties with high disorder of graphitic, oxygenated 
functional groups (OH, C=O, C-O, and Si-O), oxide compounds (CaO, MgO, Na2O, K2O, SiO2), 
and relatively high specific surface area and micropore volume. These parameters increased with 
increasing carbonization temperature from 400C to 600C. For materials produced at 600C the 
pore size of the derived activated biochar falls in the range of micropores (< 2 nm), with a small 
mesopore and macropore content. This product has BET specific surface area of 270.27 m2/g. 
Utilizing the derived activated biochar prepared with carbonization at 600C for aquaponics 
culture has shown that the values of total NH3, NO2

-, NO3
-, PO4

3-, and turbidity decreased, while 
the DO content increased in the water of the aquaponics culture with efficiency percentage values 
of 33.33-35.90%, 4.93-13.43%, 9.15-12.90%, 34.97-43.04%, 10.23-23.90%, and 16.86-23.90%, 
respectively, throughout the four weeks of the experiment. This was achieved via electrostatic 
attraction, exchangeable cation and anion attraction, and filtration. Furthermore, the activated 
biochar could also maintain the water pH in a relatively alkaline range for the duration of the 
experiment, which is suitable for cultivating tilapia and growing red oak lettuce. However, the 
activated biochar filter began to reach sorption saturation during the third week of the experiment. 
Therefore, the activated biochar filter should be replaced with a new one after four weeks of use. 
This research has shown that activated biochar from papyrus culm can be a candidate for an 
adsorbent material with a simple, cost-effective, and timesaving production.



Graphical Abstract

Highlights 

• Papyrus culm derived activated biochar production by single step air activation could reduce the 
cost and production time.



• The best properties of the activated biochar were achieved with activation at 600C. 

• Derived activated biochar could maintain water for culture of tilapia and red oak lettuce.
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1. Introduction

A current trend of eco-friendly, cost-effective, and facile methods of production can be observed 
for carbon-based materials (production from biomass) [1]. Biomass can be converted into biochar 
(BC), bio-oil, and syngas by thermochemical processes in a limited oxygen environment [2]. 
Biochar-based materials, which can take the form of hydrochar, pyrochar, engineered biochar, 
activated biochar (ABC), and biochar-based composites, have been extensively developed by 
thermochemical processes for various advanced applications [3]. There have been many reports 
on the applications of BC in various fields such as CO2 capture, energy storage [4], soil 
amendments for resource recovery, water retention and plant performance [2],  catalytic 
conversion [3], and removal of pollutants from soil and aqueous environment [5], with agronomic 
and economic benefits [4]. It can also be used in the development of hybrid techniques for water 
purification, such as BC-augmented biofilters, permeable reactive barriers, and BC-based 
membrane filtration [6]. In addition, lignin-sulfonate sulfur-doped mesoporous carbon materials 
have been used for sodium diclofenac and reactive orange 16 dye adsorptions, and as electrodes 
for supercapacitors with high efficiencies [7]. Nitrogen-doped activated biochar, which was 
preparated from  spent mushroom substrates by H3PO4 activation [8], and cellulose fiber doping 
with H3PO4 and KOH activation [9], was used for removal of reactive orange-16 (RO-16) azo 
dye and acetaminophen and amoxicillin from water, respectively. The types of thermochemical 
processes commonly used are hydrothermal carbonization, gasification, flash carbonization, and 
torrefaction [4]. These processes result in high specific surface area, porosity, and capacity to 
absorb a wide range of contaminants with high stability of the BC derived  from biomass [4]. In 
addition, BC, which has heterogeneous composition (oxides minerals and oxygen-containing 
functional groups), can also provide rich and varied surface chemistry, exhibiting various basic, 
acidic, hydrophobic, and hydrophilic groups [6]. However, the development of these characterstics 
requires high temperatures in the range of 800-1000C [6]. When prepared in low temperature 
conditions, BC suffers from low porosity and/or poor surface functionality, which limits its 
performance [3]. Therefore, it is necessary to reduce the temperature by the modification or 
activation of BC products to enhance the beneficial sorption characteristics. In general, activation 
methods consist of physical techniques (by gas, steam, and mechanical activation), chemical 
techniques (in the presence of chemicals and inert gas), and biological techniques (microorganisms 
possessing different metabolic pathways) [6]. In terms of physical techniques,  oxygen-containing 
groups on BC surface could be developted under atmospheric O2 and/or other gases (e.g., CO2, 
NO, and O3) or solutions with economical reagents and no residual impurities [6]. Atmospheric 
air, which consists of 20.946 vol. % oxygen [10], is a potential source of oxygen for oxidation 
during the carbonization process. Air oxidation is  one of physical techniques used for the 
improvement of BCs by development of both pores and oxygenated functional groups on the 
surface of biochars. Furthermore, it is a simple and favorable green process without the need for 



extra chemicals. It is also energy saving due to the exothermic nature of carbon–oxygen reaction 
[3]. Recently, air oxidation has been extensively applied as a pre-oxidation, post-oxidation, and 
combined pre- and post-oxidation modification without inert atmosphere for ABC production. 
This approach provides heat through the exothermic biochar-oxygen and/or volatile-oxygen 
reactions, initiating the primary thermal degradation of biomass and the subsequent secondary 
reactions [3], [6]. However, the exothermic nature of air oxidation makes the reaction difcult to 
control in comparison to CO2 and H2O. Futhermore, air oxidation activavation requires the use of 
specifc temperature for a certain time, where higher O2 concentration facilitates pore development  
[3].  Several sources of biomass can be used for BC production such as woody biomass, 
agricultural waste, municipal solid waste, and sewage sludge [4]. BCs have also been produced 
from wheat straw, rye straw, wood residues, cherry stone, sewage sludge, and cattle manure under 
H2O2 physical oxidation [11].  Cyperus papyrus (family Cyperaceae) is a plant biomass with high 
production rate (6.00 kg/m2/year) [12], [13]. It has been planted in a wastewater treatment system 
for reuse in agriculture by removing heavy metals and antibiotics from wastewater [14]. It was 
used for biochar preparation under a N2 atmosphere [15], and activated carbon preparation by 
sulfuric acid and phosphoric acid activation [16]. However, it has not been used in the preparation 
of biochar under air oxidation. Therefore, in this research the papyrus plant was selected as a 
substrate for BC production to be used as a filter in an aquaponics system (AS). It is well known 
that AS is a combination of aquaculture and vegetable hydroponics culture used for solving  
population growth, urbanisation, water shortages, land and soil degradation, environmental 
pollution, world hunger, and climate change [17]. This system enables sustainable, efficient, and 
intensive food production with high quality production yield, which allows the fish, plants, and 
bacteria to thrive symbiotically and to work together to create a healthy and balanced growing 
environment for each other [18]. However, the water in this system still has problems with nitrogen 
componnds (e.g. ammonia, nitrite, nitrate), phosphate, and turbidity, which affect the pH value 
and dissolved oxygen (DO). This in turn effects the ecological balance and the growth efficiency 
of the plants and animals. Current ASs use different species of fish. One of the most common 
species in ASs is tilapia. This is because of its omnivorous nature, rapid reproduction, and rapid 
growth [19].  Finally, the type of plant also effects the productivity of an AS culture. Usually,  
herbaceous spcecies of plants (e.g. basil, peppermint, spearmint, coriander, chives, parsley, 
tomato, pak choi, lettuce, spinach, chard,  Chinese cabbage, watercress, calendula, zinnia, and 
cucumbers), which require high nutrient consumsion, are popularly grown in ASs [19], [20], [21].

This research studied the ABC preparation from papyrus culm (PC) using one step partial air 
oxidation (PAO) without the use of an inert gas along with carbonization in the temperature range 
between 400C and 600C for use as filter in AS. The objective of the research was to find suitable 
carbonization temperature using atmospheric air for simple, easy, low cost, time and energy 
saving, and green process. The thermal behavior of the dried raw PC was analyzed by differential 
scanning calorimetry and proximate analysis. FTIR, Raman spectroscopy, XRD, SEM-EDS, BET 
and proximate analysis were used for the analysis of the dried raw PC and ABC products. Finally, 
the collected ABC with the best characteristics was used as filter for water treatment in an AS. 

2. Materials and methods

2.1. Preparation of raw PC and ABC



2.1.1. Preparation of raw PC 

The PC was obtained from Phitsanulok province, Thailand. It was sun dried for 2 weeks and cut 
into pieces 2-3 cm long. The thermal behavior of the dried raw PC was investigated as a function 
of pyrolysis temperature in N2 atmosphere with differential scanning calorimetry (DSC-1, Mettler, 
Columbus, USA) between 30C and 800C. The dried raw PC was analyzed for proximate 
composition, including moisture [22], ash [23], volatile mater [24], and fixed carbon [25].

2.1.2. Preparation of ABC

Samples (20 g, OHAUS; Scout Pro, USA) of dried raw PCs were loaded into a crucible with a lid 
and placed in an electric furnace (Fisher Scientific Isotemp® Muffle Furnace, Pennsylvania, USA) 
for PAO without inert gas along with carbonization at 400C, 500C, or 600C for 0.5 h. After 
that, the samples were cooled to room temperature. The final products are papyrus culm derived 
activated biochar (PABC) products. The percent yields of the PABC products were calculated. The 
PABC products were kept in a desiccator for further analysis and experiments. 

2.2. Characterization of PABCs

The PABC products were characterized by FTIR (Spectrum GX, Perkin Elmer, Connecticut, USA) 
to classify the organic and inorganic chemical bonds or functional groups. Raman spectroscopy 
(Bruker, MultiRAM, Vienna, Austria) was used to find the carbon crystallinity of products. XRD 
(PW 3040/60, X’ Pert Pro Console, Philips, Netherland) was used to analyze and identify the type 
of compounds and crystal structure. SEM-EDS (Leo1455VP Electron Microscopy, Cambridge, 
England) was used to study the surface characteristics, size, shape, and the elemental composition. 
BET (Micromeritics TriStar II3020, Bavaria, Germany) was used to analyze the specific surface 
area, pore volume, average pore size, and pore size distribution of the PABC products. Proximate 
analysis was also used to determine the proximate composition of the PABC products. Finally, the 
collected PABC with the best characteristics was used for water treatment in aquaponics culture. 

2.3. Construction of AS

Two fishponds, width 2 m. x length 2 m. x height 70 cm., were built with interlocking bricks and 
lined with 2 layers of plastic sheets. After that, 2 m3 volume of water was added to each pond 
achieving a depth of 50 cm. The fishponds were covered with netting to prevent anything falling 
into the ponds. Meanwhile, two tubular hydroponic systems with width 2 m, length 4 m, 2 % slope, 
and height of approximately 30 cm from the fishponds, were built with 4 m of 5 cm diameter PVC 
pipe. Holes with a diameter of 4.1 cm and a separation of 20 cm were drilled into the pipes. Six 
interconnected pipes were used and fixed with steel angles on each panel. The tubular hydroponics 
system has a tube length of 24 meters with 120 holes. Two ASs were used for the experiments. 



Aquaponics system 1 was operated without a PABC filter tank (Fig. 1a). PABC filter tank, which 
contained 3 kg of PABC, was placed between fishpond 2 and hydroponics panel 2 (Fig. 1b). Water 
from both fishponds was circulated through hydroponics tubes by electrical pumps with a 120 L/h 
flow rate. The schematic for the ASs experiments is shown in Fig. 2. 

Fig. 1. ASs (a) without biochar filter, and (b) with biochar filter

Fig. 2. Schematic for the aquaponics system experiments.

2.3.1. Aquatics system experiment
The aquatic system in both ponds was filled with one hundred small Nile tilapia [Oreochromis 
niloticus (Linn.)] fish with body length of approximately 2-3 cm. Fish food, 5% of the weight of 
the average fish weight in each pond, was fed into the ponds every day at 08:30 AM. Ten fish were 
randomly collected and weighed at the beginning of the experiment and once every week for 
growth rate calculation. 

a b



2.3.2. Hydroponics system experiment

Sponges with the size of 2.5 cm x 2.5 cm x 2.5 cm, which were soaked with water, were used to 
grow red oak lettuce seeds for 7 days. After that, the sponges were transferred into the holes in the 
hydroponic tube system for planting. Ten red oak lettuce plants were randomly collected for 
growth rate measurement with parameters of stem height, root length, number of leaves, and 
canopy diameter on the first day of the culture and weekly throughout the experiment. In addition, 
fresh stem weight, dried stem weight, fresh root weight, dried root weight, fresh leaves weight, 
and dried leaves weight were analyzed after 4 weeks of culture. 

2.3.3. Water analysis

Water samples were collected from each pond within 20 cm water depth into plastic bottles with 
a lid at first day of the culture and weekly throughout the experiment at about 09:00 AM. 
Parameters of turbidity, pH, total ammonia, nitrite, nitrate, orthophosphate, and DO were measured. 
Turbidity and pH of water were measured by turbidimeter (Jenway 6035, Chelmsford, England) 
and pH meter (Mettler Toledo, Hamilton, New Zealand), respectively. For the measurements of 
total ammonia, NO2

-, NO3
-, PO4

3-, and DO, the water samples were filtered through a Whatman 
No.42 filter paper. Total ammonium, nitrite, and nitrate were determined by indophenol reaction 
[26], the diazotization colorimetric method [27], spectrophotometric method [28], and 
orthophosphate method using ascorbic acid [29], respectively. The resulting solutions were 
measured by UV-Vis spectrophotometer (double beam, Jasco V650, Maryland, USA) at 655 nm, 
507 nm, 220 nm, and 880 nm for concentration measurements of total ammonia, NO2

-, NO3
-, and 

PO4
3-, respectively. DO was also measured by titration with sodium thiosulphate [30].  The percent 

relative removal rate was used for evaluating the removal efficiency of total ammonia, NO2
-, NO3

-, 
PO4

3-, and turbidity from water and increasing content of DO in water by biochar filter. 

Relative removal (or augmentation) rate (%) = [(C0-Ct)/C0] ×100 %                                           (1)

Where C0 refers to the concentration of the experiment control system (Fishpond 1), and Ct refers 
to the concentration of experiment system 2 (Fishpond 2) for consideration of biochar filter 
efficiency.

3. Results and discussion

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/calorimetry


Fig. 3 TGA curve of dried raw PC. 

Table 1. Percent yield and proximate composition of dried raw PC and PABCs.

Samples Temperature 

C

% yield Moisture

wt.%

Volatile matter 
wt.%

Ash wt.% Fixed carbon

wt.%

 dried PC 5.580.58 61.700.75 7.690.71 25.121.94

400 39.17±1.41 1.920.21 4.560.60 12.730.14 80.790.42

500 31.24±2.32 0.930.85 2.450.49 13.540.62 82.940.63

PABC

600 29.36±1.29 0.650.73 0.910.09 14.610.08 83.750.23

3.1. Characteristic of raw PC and PABCs

3.1.1. Thermal behavior of raw PC 

The TGA curve of dried raw PC acquired under nitrogen atmosphere in the temperature range 
from 30C to 800C is displayed in Fig. 3. It shows that the weight losses of raw PC take place in 
four stages. The first stage is moisture evaporation (unbound and bonded on the surface of the PC) 



and volatilization of some light organic molecules [31] in the PC, which occurred from 30C to 
about 130°C. The weight loss in this stage is about 8%. The second stage occurred in the range 
between 130°C and 340°C and it is due to thermal resistance of organic compounds, which is 
related to the thermal decomposition of xylose (173-645°C), cellulose (291-395°C), hemicellulose 
(100–300°C), and some lignin (170-935°C) [31], [32]. The weight loss is about 45% by 
devolatilization of these organic compounds at the end of the second stage (260-340°C).  The third 
stage (340-700C) is charring and carbon volatilization. In the initial part of this stage, thermal 
resistance of lignin had occurred with slow degradation under the inert atmosphere during charring 
reaction [33]. It is because of the high temperature resistance of lignin, which requires high energy 
for the breakdown of double bonds in the structure of lignin [32]. The thermal degradation of lignin 
occurs gradually until the end of this stage [31]. In addition, volatilization of carbon has also 
occurred between 520C and 680C [32]. This is followed by violent volatilization of absorbed 
carbon by the inorganics at the end of the third stage until only ash remains (about 7-8%) into the 
fourth stage [34]. In total, the third stage results in about 39% of weight loss. It can be seen that 
the ash content of the raw PC is quite high. This is attributed to the accumulation of minerals, 
which were absorbed from the soil or water, by the plants and resulted in the high ash content [35]. 

3.1.2. Percent yield and proximate composition 

PC was used for ABC prepraration with PAO without innert gas flow along with carbonization 
temperatures of 400-600C. These conditions allowed a small amout of atmospheric air to flow 
through  the lid as well as the outflow of thermodegraded volitile matter during the carbonization 
process. In this process, it is expected that partial oxidation by air takes place without overly 
extensive oxidation reactions. The results have shown that the PABC yields have decreased with 
increasing carbonization temperature (Table 1). In general, it has been concluded that the yield of 
PABC produced at 400-600C mainly depends on the degradation via dehydration, fission 
reactions, and increased rate of volatilization of anhydro sugars present in the tar [6]. At 
carbonization temperature of 400C, the PABC yield was 39.17±1.41%, and then it dropped 
sharply for the product made at 500C. However, the relative decrease in the PABC yield from 
500C to 600C is smaller. The sharp reduction of the PABC yield from 400C to 500C was 
attributed to rapid reduction of volatile matter content during carbonization at the temperature of 
500C [36]. This could be explained by the fact that the main decomposition of cellulose (240–
350C volatized) and hemicellulose (200–260C volatized) occurrs below 400C, while the main 
decomposition of lignin is in the range of 280C to 550C [35]. Therefore, some of the volatile 
matters, especially uncarbonized lignin, have remained in the PABC product (4.560.60%) after 
carbonization at 400C. Additionally, a small amount of volatile matters (2.450.49%) remained 
in the PABC product after carbonization at 500C. Furthermore, lignin can also be converted to 
fixed carbon by the charring reactions, which occurr at 500C [32].  Consequently, the relative 
decrease of percent yield of the PABC products was observed after the carbonization temperature 
increased from  500C to 600C.  The results of the TGA analysis (Fig. 3) show the thermal 
degradation of organic compounds under nitrogen atmosphere, while the carbonization process 
operated under partial air oxidation with reduced oxygen content. The percent yield results  
confirm that some matter was oxidized under the partial air oxidation to a higher degree than under 
nitrogen asmosphere at the same temperature. It was observed that the proximate composition 



(moisture, volatile matter, and ash) of dried raw PC (Table 1) is consistent with the TGA result 
(Fig. 3). After carbonization treatment at 400C to 600C, volatile matter content was greatly 
reduced, while fixed carbon content shows  an inversed trend. This is because fixed carbon, which 
is a solid combustible residue, remains after the expulsion of the volatile matter during heating 
[35]. It was shown that most of the volatile matters were thermally degraded, while some were 
converted into fixed carbon by a partial oxidation reaction. In the same way, ash content increased 
with increasing carbonization temperature due to the thermal breakdown of organic components 
with the release of CO2 [31]. This results in the relative enrichment of various inorganic 
components in the ash form [36] in the remaining material. The moisture content of dried raw PC 
is only 5.580.58% after 2 weeks of sun drying with low costs, which is preferable for thermal 
conversion as the moisture levels are below the permissible limit (<10 %) for such process [31]. 

3.1.3. Elemental composition from EDS

The carbon content, content of metal elements, and content of Si in the PABCs increased with 
increasing carbonization temperature from 400C to 600C, while oxygen content is reduced 
(Table 2). The decrease in oxygen content is related to the breaking of weaker bonds of volatile 
matters within the PABC structure by water elimination, decomposition of hydrocarbons, tar 
vaporization, and liberation of H2, CO, and CO2 leading to the PABC becoming highly 
carbonaceous because of the carbonization process [31], [35]. The carbon content increased with 
increasing carbonization temperature because of intense carbonization occurring at high 
temperatures and because of having a high content of carbon in aromatic compounds [31]. 
Considering the O/C ratios of the PABC products, their values are relatively low (0.17-0.22), 
which implies low polarity [31], high degradation stability, and very stable structural arrangement 
of the aromatic rings [35]. These ratios decreased with increasing carbonization temperature from 
400C to 600C. This showed that the carbonaceous and aromatic ring characteristics increase 
with increasing carbonization temperature. This indicates that the PABCs have a less hydrophilic 
surface when produced at higher carbonization temperatures [31]. Other inorganic elements have 
also appeared within the texture of the PABCs in the ash form, which is formed by 
disproportionately volatilizing the carbon of the plant tissue [36] leading to high residue content. 
Generally, high ash contents are observed in materials made from grain, straw, and grass husks, 
which are rich in silica [6]. Likewise, papyrus is also highly effective in retaining mineral elements 
[14]. The contents of these inorganic elements increased with increasing carbonization temperature 
from 400°C to 600°C, which causes more organic matter to volatilize and leaves behind a higher 
percentage of inorganic elements [31].  These elements are in the form of oxide compounds (except 
Ca and K), which have vaporization temperatures higher than 600C, and include MgO (1107C) 
[36], and SiO2 (1426-1676C) [37]. While  Ca (in form of CaCO3) and K (in the form of K2CO3) 
are  thermally decomposed above 750 °C [38] and 900C [39], respectively. Na content decreased 
with increasing carbonization temperature, because it is less stable in the form of an oxide, which 
was reduced by the carbon-hydrogen fuel matrix to metal vapor [40]. However, Na2O also has a 
high melting point of 1132°C [41], which can make it stable at high temperatures. In addition, 
alkaline metals (especially K) can reduce ash melting point leading to slag and agglomeration on 
PABC [35]. Furthermore, cell walls in biomass could entrap Ca, K, (by intercalating between 
graphene sheets or forming phenoxides), Si (as opal phytoliths and silica), and Mg (associated 

https://en.wikipedia.org/wiki/Thermal_decomposition


with organic molecules through covalent and ionic bonds), which can cause the release of these 
elements at higher temperatures during thermal decomposition [6]. Therefore, these elements were 
retained in the texture of the PABCs under carbonization temperatures in the range between 400C 
and 600C. Based on these observations, the contents of these elements within the texture of the 
PABC products increase with increasing carbonization temperature due to higher thermal 
degradation of volatile compounds at higher carbonization temperatures. It was seen that the raw 
PC has high ash content. The results for the carbonized products show that the ash contents of the 
PABCs are also quite high and they exhibit alkaline properties [4].

Table 2 Elemental composition from EDS of PABCs with 400C-600C carbonization 
temperature.

Elements composition (wt.%)Temperature 
C

C O O/C ratios Ca Mg Na K Si

400 78.78 17.06 0.22 0.54 0.56 1.09  1.34 0.63

500 80.94 15.29 0.19 0.63 0.65 0.75  1.58 0.93

600 81.48 13.97 0.17 0.75 0.77 0.53  1.83  1.24

3.1.4. Study of surface functional groups by FTIR  

FTIR was used to characterize the chemical composition and analyze the bonds between carbon, 
hydrogen, and oxygen in PABCs. This information can be used to gain insights about the suitability 
of PABC products for utilization in environmental and energy applications [42]. Results of FTIR 
measurement for raw PC revealed the presence of surface functional groups of organic materials, 
moisture, and residual elements [Fig. 4A(a)]. The surface functional groups included -OH, C-H, 
C=O, C=C, C-O, Si-O-C, and Si-O-Si. The –OH group is represented by the stretching 
vibration band between 3200 cm−1 and 3500 cm−1, which could originate from moisture, acids, 
and phenolic constituents of polysaccharides of all organic matters [31]. Surface functional C-H 
groups are represented by asymmetric and symmetric stretching vibrations with peaks of medium 
and weak intensities at 2938 cm-1 and 2872 cm-1, respectively. These peaks correspond to methyl 
and methylene groups of alkanes in the structures of xylose, cellulose, hemicellulose, and lignin 
[31], [32]. The peaks also imply the presence of stable ring structures of organic compounds [42]. 



The C-H groups are also represented by bending vibrations at 1500–1200 cm-1 and 900–500 cm-1 
[32] with peaks of very weak intensity. Furthermore, C=O and C=C surface functional groups are 
represented by strong peaks at 1742 cm-1 and 1632 cm-1, respectively, which correspond to ethers 
and esters [31], with reactive nature [42], and alkenes that form the backbone of aromatic 
compounds [31], respectively. The C-O groups are represented by a strong stretching vibration 
band at 1000-1100 cm-1, which corresponds to the main glucose structure of cellulose and 
hemicelluloses [31], [32]. Finally, Si-O-C, and Si-O-Si functional groups are represented by bands 
at 1080 cm-1 (overlap with C-O), and 458 cm-1, which correspond to SiO2 in organic materials 
[43]. In addition, the band at 458 cm-1 also contains a very weak peak of bending mode of SiO2 
network [44]. After the carbonization process carried out at 400-600C, the intensities of these 
peaks change in ways that are related to the carbonization temperature [Figs. 4A(b)-(d)]. The bands 
corresponding to the OH group undergo relative decrease of intensity with increasing 
carbonization temperature from 400C to 600C. These results are due to dehydration and thermal 
decomposition of cellulose, hemicellulose [31], and lignin [32]. However, it was noticed that the 
OH group is retained in the PABCs. This result is attributed to the formation of H2O by degradation 
of xylose, cellulose, and lignin [32]. It could also be due to the presence of alcohols, phenols, or 
other hydroxyl-containing compounds [42] formed by the degradation of polysaccharides during 
the carbonization followed by H-bond reformation with aromatic and graphitic moieties [31], [42] 
on the surface of the PABC. Likewise, bands for C-H and C=O groups exhibited very low intensity 
at 400C and disappeared completely at 500-600C. This is due to the destruction of methoxy, 
methyl, methylene, ether, and ester groups of organic compounds leading to the formation of CH4, 
CO2, CO, and H2O molecules [32]. The C=C bond (peak at 1630 cm-1) in the backbone of organic 
aromatic compounds is transformed to C=C bonds (peaks at 1564 cm-1) of alkenyl structures within 
the carbon framework [42] of the PABC products. Therefore, the degradation of C-H and C=O 
groups increased the aromatization [31] of the PABCs during carbonization at high temperatures 
(about 500-600 °C). At the same time, content of C=O groups (band with maximum intensity at 
1384 cm-1) of ketones, aldehydes, carboxylic acids, and carbonate groups [42], [45] on the surface 
of the PABCs increased with increasing carbonization temperatures. For C-O group of lactones 
and quinine in hemicellulose, the intensity decreased with the increase in carbonization 
temperature from 400 to 600 °C, which indicated more extensive decomposition of hemicelluloses 
at higher carbonization temperatures [31]. At the same time, new C-O groups formed by partial 
oxidation with oxygen in air [46], which then resulted in the reformation of carboxyl, carbonyl, 
carbonate, and ester groups on the carbon framework [32], [45]. In addition, carbonate group is 
also located at 1500–1200 cm-1, 1000-1100 cm-1, and 892 cm-1 [45]. This has confirmed that PAO 
had occurred during carbonization. Finally, peaks corresponding to Si-O-Si functional groups of 
SiO2 network on PABCs tended to increase in intensity with increasing carbonization temperatures, 
which is due to the decomposition of organic matter. Overall, the FTIR results indicate that the 
reduction in the content of oxygenated functional groups of organic matters within PC during 
carbonization at 400-600C, performed with a closed lid but without inert gas flow, has resulted 
in good PABCs with the formation of some new oxygenated functional groups. In addition, the 
retained metal elements within the PABCs can act as exchangeable cations through anion attraction 
[31]. These characteristics of the PABCs with the diverse chemical bonds imply potential utility 
in environmental applications [42].



  

Fig. 4. FTIR transmittance (A), Raman shift (B), and XRD pattern (C), of dried raw PC and PABCs 
prepared with PAO along with carbonization at temperatures of 400C-600C (a)-(d).

3.1.5. Interpretation of Raman shift results 

Raman spectroscopy analysis provides information about defects and disorders in addition to the 
structural information of materials [47]. For carbon based materials, Raman spectra are related to 
the vibrations of carbon and hydrocarbon structures and usually contain two high intensity peaks 
D (disorder) and G (graphite) [48]. The Raman spectra of raw PC and PABCs are shown in Figs. 
4B(a)-(d). The D peak, which corresponds to lattice defects, disordered arrangement, and low 
symmetry carbon structures, and G peak, which is the characteristic scattering peak of graphite 
[47], are located at about 1341 cm-1 and 1586 cm-1, respectively. The calculated intensity ratios of 
D and G peaks of raw PC, and the PABCs preapred at 400C, 500C, and 600C are 0.8233, 
0.8072, 0.8150, and 0.8806, respectively. These values indicatate  that the PABC product preared 
by carboniazation at 400C has a higher degree of graphitization than the raw PC. This result is 
attributed to crystallite surface of organic functionalization and the content of heteroatoms (O, N, 
H), which induced the loss of resonant behavior [49] in raw PC, which showed high hydrocarbon 
characteristics. The contents of these components evolved during carbonization as the organic 
materials transformed into graphitic structures with highly ordered arrangement. Usually, 



amorphous carbon starts transforming into aromatic carbon and polyaromatic graphene sheets at 
~330C and >350C, respectively [6]. However, while carbon skeleton of organic matters 
transformed to graphitic structure, carbon lattice defects or disorder in the PABCs were formed by 
PAO during carbonization, which increased with increasing carbonization temperatures, especially 
at 600C. It was shown that graphitic structures were destroyed during carbonizations with PAO 
at  high temperatures. This resulted in a more amorphous carbon structure containing functional 
groups such as OH, C=O, and C-O, which are usually formed on the surface of PABC by the 
reduction or carbonization process and are also leveling the disorder degree of the graphitic 
structure [50]. Another effect is the content of heteroatoms (e.g. Na, Ca, Mg, K, and Si) within the 
PABCs. These elements, which are distributed irregularly on the surface of the PABCs, can also 
induce the loss of resonant behavior [49]. Finally, the presence of second-order spectrum 2D band 
(the second order of the D-band) in the area between 2500 cm-1 and 3200 cm-1, which also includes 
overtones and/or a combinations of the G line and the disorder-induced D component, also indicate 
high disorder level in graphitic materials [50] in the PABC materials.

3.1.6. XRD patterns 

The XRD pattern of the raw PC [Fig. 4C(a)] shows peaks of cellulose, which is composed of 
glucose monomer units in the form of linear chains and combined into a polycrystalline structure 
[51], at 2 values around 15-16.5, 21.5-22.6, and 34.5-35 [52]. While hemicellulose (with 
branched and straight polymer chains) and lignin (three-dimensional polymer) are amorphous. 
Therefore, these two components do not exhibit peaks in the diffractogram [51]. Diffraction peaks 
of cellulose are absent, after carbonization at 400-600C, [Figs. 4C(b)-(d)]. This revealed that all 
celluloses were decomposed already at the carbonization temperature of 400C. In addition, most 
of the remaining non-carbon atoms were removed at carbonization temperatures higher than 600C 
[6]. At the same time, the broad bands observed in all PABCs have appeared at 2 values around 
23-25 and 43-44.5, which correspond to amorphous carbon and graphitic carbon, respectively 
[53]. This indicated that the characteristic form of the PABCs is a low crystalline carbon structure, 
which is in aggreement with the results of the Raman spectroscopy (Fig. 4B). In addition, many 
sharp peaks can be observed in the diffractograms of the PABCs, which correspond to CaCO3 (2 
at 28.60, 36.71, 40.81, 43.28, 47.15, 56.33°, 58.88, 66.62, 74.03, and 83.92 [54]), MgO 
(2 at 41 [55]), Na2O (2 at 28.5, 31.5, 45.5, and 56.5 [56]), K2CO3 (2 at 28.30, 31.68, 
and 40.76 [57]), and SiO2 (2 at 26.5, 34.5, 43, 50.5, 56.5, and 75.5 [58]). Usually, the metal 
carbonates were formed by reaction of CO2 derived components and metal components during 
carbonization and then thermal decomposed to metal oxides at high temperatures [59]. These metal 
carbonates decomposed to metal oxides at a temperature not exceeding 600C [MgCO3 (306-
520C) [59], Na2CO3 (337-435C) [60]], except CaCO3 and K2CO3, which decompose at 750 °C 
[38] and 900C [39], respectively. These peaks exhibit progressive increases in intensities with 
increses of carbonization temperature from 400C to 600C due to more extensive  decomposition 
of organic matters, which corresponds to the EDS results (Table 2). 



3.1.7. Surface morphology of PABCs

SEM images of the PABC products made under atmospheric air with carbonization at 400-600C 
are shown in Fig. 5. It can be observed that the PABC, which was produced at 400C [Fig. 5(a)], 
reveals open pores with fractures, disorder, and honeycomb-like structure made by transformation 
from an aromatic structure [31]. Appearance of these pores is attributed to thermal degradation of 
organic matter [35] within the surface cells of PC during the carbonization process. These 
characteristic features were formed from the carbon and mineral skeletal structure and porosity of 
the original biomass [6]. Similar structures can also be found in the PABC prepared with 
carbonization at 500C [Fig. 5(b)]. However, it was seen that the surface cells of PC are more 
extensively decomposed in the 500C-PABC, including more falling off, and the core begining to 
emerge more clearly on the surface in comparison to the 400C-PABC. However, a clear and 
regular pattern with some fractured pores is formed after carbonization at 600C [Fig. 5(c)]. 
Furthermore, tubular structures with macro sized cores have clearly appeared within the 600C-
PABC. These tubular structures were transformed from xylem and phloem of the plant stem [31]. 
Porosity with tubular structures plays a crucial role in both enlarging the specific surface area

 and potentially enhancing the absorption/adsorption capacity [42] of PABC.

 

 

Fig. 5. SEM morphologies of PABCs prepared with PAO along with carbonization at temperature 
of (a) 400C, (b) 500C, and (c) 600C.



Table 3 Textural characteristics of PABCs by PAO along with 400-600C carbonization 
temperatures.

PABCs at carbonization 
temperature (C)

BET 
Surface

area 
(m2/g)

Micropore 
volume 

(cm³/g)

Total pore 
volume

(cm³/g)

Average pore 
size 

(nm)

400 4.49 0.000361 0.008689 32.5202

500

600

4.86

270.26

0.000752

0.065577

0.009027

0.114768

23.8534

2.14755

  

Fig. 6. Pore size distribution of PABCs prepared with PAO along with carbonization at 
temperature of (a) 400C, (b) 500C, and (c) 600C.

3.1.8. Specific surface area and porosity of PABCs

The porous structure of the PABCs has appeared after PAO along with carbonization, which was 
attributed to the removal of volatile content during carbonization [35], and partial oxidation of 
surface carbon [46]. The formation of the porous structure could increase the overall specific 
surface area [61] of the PABCs. The textural characteristics of the PABCs are shown in Table 3. 
The results of the BET specific surface area analysis of the PABCs indicates that the specific 
surface areas increased with increasing carbonization temperatures from 400°C to 600 °C. 
However, increasing the carbonization temperature from 400°C to 500°C resulted only in a small 
increase in the BET specific surface area. It was expected, based on SEM morphologies [Figs. 
5(a)-(b)], that mainly organic compounds were thermally decomposed on the surface cells of PC. 
However, the increase of specific surface area in the temperature range 400-500C was attributed 
to the formation of free radicals by low atmospheric O2 levels during the initial carbonization 
stages, which transformed into carboxyl and carbonyl groups on the surface of the PABCs. These 



surface functional groups covered the surface of the PABCs resuling in limited specific surface 
area increase [6]. On the other hand, increasing the temperature from 500°C to 600°C led to a 
sharp increase in the BET specific surface areas, which was attributed to a more extensive partial 
oxidation of surface carbon on the PABCs during 500C to 600C carbonization leading to clear 
formation of open pore structures [Fig. 5(b)]. Other parameters such as micropore volume and 
total pore volume also increased in line with the BET specific surface areas. Average pore size 
decreased with increasing carbonization temperature from 400°C to 600 °C, but the main sharp 
decrease takes place upon increasing the carbonization temperature from 500°C to 600°C. This is  
attributed to the convertion of macropores in raw biomass into meso and micropores by PAO 
during carbonization [6]. Considering the pore size distribution of the PABCs (Fig. 6), it can be 
seen that most pore sizes fall in the range of mesopores (2-50 nm) and macropores (>50 nm) for 
PABCs made with carbonization at 400C and 500°C [Figs. 6(a)-(b)]. On the other hand, pore 
sizes of the PABC made by carbonization at 600°C fall in the range of micropores (< 2 nm) with 
a small content of mesopores and macropores [Fig. 6(c)]. These results led to the decrease of the 
average pore sizes of the PABCs with rising carbonization temperature from 400C to 600C. 
Furthermore, open and clearly porous PABC formed at 600C indicating the opportunity for PAO 
due to the presence of the micropores on the PABC. Therefore, mainly micropores with 2.14755 
nm average pore size were developed  on the PABC at 600C, which resulted in specific surface 
area increasing significantly. It can be seen that the carbonization temperatures during PAO 
significantly affect the porosity of the PABCs.  However, it was found that the BET specific 
surface areas of the PABCs are quite low, especially for materials made at 400-500C. This is 
attributed to high ash content, tars, and some surface fucntional groups, which have accumulated 
and blocked the pores on the PABC surface. Therefore, low content of open pores was observed 
on the surface of the PABCs made with carbonization at 400-500C [35]. Thus, the specific surface 
area of these products is low. 

3.2. Results of aquaponics experiments

3.2.1. Water treatment in AS

Organic materials from fish waste in the water decompose into inorganic matter by the action of 
various microorganisms, including the nitrification process [62]. Inorganic  products consist of 
phosphates and nitrogenous compounds, which cause physiological changes, morphological 
changes, and aquatic losses [63]. Organic nitrogen materials are converted to ammonia by 
microbial action [64]. Subsequently, ammonia is oxidized into nitrite, and then nitrite is oxidized 
into nitrate by the nitrification process with autotrophic nitrifying bacteria [65]. This process is 
inhibited at pH values below 5.8 [66]. Nitrite ion, which is produced by the nitrification process, 
causes brown blood disease (methemoglobin) in fish [63]. Nitrate is a stable and dynamic anion in 
oxygenated water [64]. However, these inorganic products are uptaken by plants in hydroponic 
circulation systems [67].  Using adsorbents as filter materials in AS could reduce the content of 
these inorganic materials.  In this study, the PABC made with PAO along with carbonization at 
600C, which has diverse properties including numerous functional groups, many metal elements, 
high specific surface area, and high micropore volume, was used as a filter for the immobilization 
of pollutants from solution in AS. Water properties, fish growth, and plant growth were measured 



for the evaluation of the effects of the PABC material. The results of the water analysis have shown 
that total NH3, NO2

-, NO3
-, PO4

3-, and turbidity concentrations in the water of the control 
aquaponics fishpond 1 were much higher than in the water of the AS fishpond 2 (Figs. 7B-E and 
7G). While the order vas inversed for pH and DO values (Figs. 7A and 7F) for all four weeks. This 
indicated that the PABC filter could improve water quality in AS. The water in fishpond 1 was 
weakly acidic [Fig. 7A(a)], while the water in fishpond 2 has weakly alkaline [Fig. 7A(b)]. The 
cause of the acidity of water in fishpond 1 is the higher total ammonia content [68]. Furthermore, 
the CO2 from fish breathing can be dissolved in water leading to the formation of HCO3

− and H+ 
resulting in the acidification of the culture water [69]. The pH values in fishpond 2 are related to 
low ammonium ion concentration, which was adsorbed by the PABC by attractive electrostatic 
force between the positively charged ammonium ion and negatively charged surface functional 
groups of PABC resulting in low ammonia content and slightly alkaline water. Furthermore, some 
alkaline metal oxides from the PABC filter could be released to the water, which can increase pH 
in fishpond 2 [4].  It was observed that the pH values of water in both fishponds are higher than 
5.8, which cannot lead to the inhibition of the nitrification process. Likewise, the phosphate was 
also adsorbed by PABC in weakly alkaline condition via chelation and complexation with electron 
donor oxygen containing surface groups on the PABC surface [70]. Alternatively, phosphate ion 
can also combine with negative oxygen ion and create phosphate esters on the surface of the PABC 
in alkaline water [70]. Therefore, both ammonia and phosphate ion, which remained after 
absorption by plant roots in the hydroponics systems, were adsorbed by the PABC filter in 
aquaponics system 2 (AS2). In the case of nitrite [Figs. 7C(a) and (b)], which is slightly less 
harmful to fish than ammonia, but makes it more difficult for fish to take up oxygen [71], its 
concentrations were initially high in both systems due to low microbial conversion of ammonia to 
nitrite during the initial stages of nitrification. However, nitrite concentration decreased and 
became relatively stable in the range between 0.0122 mg/L and 0.0210 mg/L after one week. This 
is lower than the limit of methemoglobin (1.38 mg/L) for Nile tilapia [67] and the nitrite 
concentation remained below this limit throughout the four weeks. This is attributed to the 
conversion of nitrite to nitrate in ciculated aerobic water [62]. Ammonia and nitrite are toxic 
metabolites for the fish [72] and are not desired in fish farming systems. On the other hand, fish 
can tolerate high levels of nitrate much better than high levels of ammonia and nitrite [71]. 
However, both ammonia and nitrate concentrations need to be reduced for aquaponic systems. It 
is gratifying that ammonia and nitrate are desired for the growth of plants [73] and so their 
concentrations can be reduced by the hydroponics system. Therefore, the concentrations of these 
ions are relatively low in the water of both fishponds [Figs. 7B(a) and (b) and 7D(a) and (b)]. 
However, concentrations of inorganic nitrogen [Figs. 7B-D(a) and (b)] and phosphate [Figs. 7E(a) 
and (b)] are relatively high in the first week for both fishponds. This is attributed to low uptake of 
these materials by small plants [73]. Furthermore, both ammonia and nitrate concentrations of 
water in fishpond 2 are lower than in fishpond 1, which was due to the added PABC filter between 
the aquaculture and the hydroponic system. This has shown that these ions were also adsorbed by 
the PABC filter. The values of the last two parameters, DO [Figs. 7F(a) and (b)] and turbidity 
[Figs. 7G(a) and (b)], in both fishponds also increased from first the week to the fourth week. The 
DO concentration measures oxygen content in the water used by the fish for respiration and by 
autotrophic nitrifying bacteria for oxidation of ammonia to nitrite and nitrate [66]. This parameter 
can provide information about bacterial activity, photosynthesis, availability of nutrients, and 
stratification [71]. The increasing values of DO in the water of both fishponds was attributed to 
water circulation and the increasing quantity and length of the roots of the plants as the experiment 



progressed. This increases the distribution of oxygen dissolved in water. Furthermore, it was 
observed that the DO values in the water of fishpond 2 [Fig. 7F(b)] are higher than in the water of 
fishpond 1 [Fig. 7F(a)] for all four weeks. These results were attributed to the PABC with spaces 
or pores, which acts as a filter in the water recirculation system. This can increase the diffusion of 
oxygen and increase the DO content in water [68]. Furthermore, the differences in DO between 
the two systems can also be attributed to higher ammonia content of water in fishpond 1, which 
could result in decreased DO in the water due to the presence of more autotrophic nitrifying 
bacteria for the nitrification process [74]. Likewise, turbidity [Figs. 7G(a) and (b)], which results 
from fish metabolism (feces, urine, and dissolved fish food), can cause increased stress on the fish 
and interfere with the penetration of light into the water. The low penetration of sun light, which 
was shielded by turbidity, can disrupt photosynthesis in aquatic plants, resulting in decreased 
oxygen levels in the water, wich can lead to fish death, harm to aquatic ecosystems, and decrease 
in water quality [65]. Turbitity could also be retained by the PABC filter and plant roots.

3.2.2. Efficiency of PABC for water treatment

The pH value has an important role in determining the anion and cation type and concentration in 
solution [70]. Therefore, the adsorption efficiency for inorganic nitrogen and phosphate ions by an 
adsorbent is dependent on pH values of water. On the other hand, the removal efficiency of 
turbidity and increasing efficiency of DO are dependent on the porous characteristics of the 
adsorbent. Efficiency percentages [Eq.(1)] in this study were calculated by comparison of values 
of water quality parameters in fishpond 1 and fishpond 2. The differences in these values are the 
result of the presence of the PABC filter.  In this study, the percentage of removal efficiency for  
nitrite (Fig. 8b) and nitrate (Fig. 8c) decreased from the first to the third week and then increased 
in the fourth week. This is attributed to the pH values of water in fishpond 2, which are relatively 
alkaline [Fig. 7A(b)]. These conditions have resulted in a negative charge on the surface of the 
PABC in alkaline water, which repulsed the negatively charged nitrite and nitrate ions. In the case 
of ammonia the dominant species is the positively charged ammonium ion (NH4

+ ions) at pH 
values below 9.26 (the ion dissociation constant (pKa) of NH4

+/NH3 buffer system = 9.26) [69]. 
Therefore, the positively charged ammonium ions were electrostatically attracted to the negatively 
charged surface of the PABC in slightly alkaline water. However, negatively charged phosphate 
ions were well chemisorbed via chelate complex formation on the surface of the PABC in slightly 
alkaline water [70]. This resulted in the phosphate removal efficiency being like that of the 
ammonium ions (Figs. 8a and d). It was observed that the removal efficiency of turbidity (Fig. 8e) 
and efficiency of increasing DO (Fig. 8f) grew during the first and the second week and then 
decreased after the third week. This is attributed to the high volume of pores within the PABC 
during the early stages of the culture, which can filter small particulate matter and aid oxygen 
diffusion to the water. These efficiencies of the PABC decreased after the third week. This is 
bcause the pores of the PABC became filled with small particulate wastes resulting in decreasing 
pore vacancy within the PABC. Furthermore, all of the efficiency percentages of the monitored 
parameters decreased the after third week. This was attributed to the lowering of the specific 
surface area and pore volume within the PABC by high content of adsorbed materials during the 
extended period of the fish culture. This includes the charge of the surface of the PABC being 
transformed to neutral, which does not provide electrostatic attraction. This demonstrated that the 
activated filter has begun to reach sorption saturation in the third week. Therefore, the PABC filter 
should be replaced with a new one after the fourth week of use.       



  

  

Fig. 7. Water analysis results of (A) pH, (B) total NH3 concentration, (C) NO2
- concentration, 

(D) NO3
- concentration, (E) PO4

3- concentration, (F) DO concentration, and (G) turbidity, of 
water in (a) fishpond 1, and (b) fishpond 2. 

Fig. 8. Removal efficiency percentage of ammonia (a), nitrite (b), nitrate (c), phosphate (d), and  
turbidity (e), and increasing efficiency percentage of DO (f).  

 



3.2.3. Growth rate of fish 

In this study, the fish survival rate was 100% for both ASs experiments. These results showed that 
the quality of water in both ASs was good for fish survival.  Growth rates of fish in all experiments 
were measured at the first day of the culture and weekly for the four weeks of the study. The results 
of measurements showed that the growth rates of fish in fishpond 2 (Fig. 9b) were relatively higher 
than growth rates of fish in fishpond 1 (Fig. 9a) for all weeks. This was attributed to the relatively 
high concentration of ammonia, nitrite, and nitrate, and acidic pH of water in fishpond 1 [Figs. 
7A-D(a)], which can lower the blood oxygen-carrying capacity of fish and cause declines in 
growth and locomotor capacity [75]. High nitrate concentration and acidic pH of water causes 
methemoglobin formation, which is unable to reversibly bind oxygen and causes an inherent loss 
of oxygen transport capacity for fish [75]. It should be noted that ammonia concentrations in water 
in both fishponds [Figs. 7B(a) and (b)] were lower than the limit of 0.1 mg/L. Ammonium 
concentration higher than 0.1 mg/L can significantly inhibit growth in tilapia fingerlings [72]. In 
addition, pH values of water were maintained relatively close to the neutral pH level, which is 
suitable for fish growth [65]. These results correspond well with the study of Osman and El-
Khateeb, 2016 [76] who used sand and activated carbon as filters for water treatment in AS.

Fig. 9. Fish growth rates in (a) fishpond 1 (b) fishpond 2.

3.3.4. Growth rate of red oak lettuce 

The plant harvesting was carried out after 4 weeks of cultivation because red oak is suitable for 
eating after about five weeks of cultivation (1 week seedling period and 4 weeks hydroponics 
culture) [77]. The results of plant growth measurements showed that all growth rate parameters of 
red oak lettuce grown in AS2 [Figs. 10A-D (b) and Table 4] were higher than those for the plants 
in AS1 [Figs. 10A-D (a) and Table 4] throughout the four weeks. This is attributed to higher 
inorganic nitrogen concentration and acidic water of aquaponics system 1 (AS1). Ammonia is 
toxic to plant cells by disrupting the thylakoid transmembrane proton gradient [75]. However, 
plants need nitrogen in form of nitrate and ammonium ion for growth and productivity [77]. 



Therefore, the growth rates of plants in AS2 are higher than those of plants in AS1.  The relatively 
lower concentrations of inorganic nitrogen and phosphate materials in AS2 are due to the higher 
consumption of these species than in AS1 (Figs. 7B-E). Likewise, root length and root weight 
parameters of red oak lettuce exhibit a similar trend (Fig. 10B and Table 4), which is the result of 
ammonium and nitrate that stimulated lateral roots branching, and lateral roots elongation, 
respectively [78]. However, the growth of red oak lettuces in both ASs was poor during the first 
week. After that, the hair roots were developed, and the plants began to grow more rapidly. The 
slightly alkaline pH values of water in AS2 [Fig. 7A(b)] can result in more available phosphate 
than under more acidic conditions [67]. This effect resulted in a high soluble phosphate content in 
the ASs leading to increased phosphate uptake by the plants. Phosphorous has a significant role in 
increased root and shoot length and plant mass [79]. Therefore, all of growth parameters of red 
oak lettuce in AS2 are higher than in AS1. This involves the adsorption of ammonia by the PABC 
filter, which makes the water slightly alkaline. Furthermore, the PABC can also increase the DO 
in water of AS 2 [Fig. 7F(b)], which leads to more extensive conversion of nitrite to nitrate. All of 
the growth rate parameters of red oak lettuce in this study are similar to the results of a red oak 
lettuce hydroponics culture cultivated under sunlight in the study of Spalholz et al., 2020 [80].    

  

 

Fig. 10. Red oak lettuce growth parameters of (A) stem height, (B) root length, (C) number of 
leaves, and (D) canopy width in (a) hydroponics 1, and (b) hydroponics 2.  

Table 4. Growth parameters after culture of red oak lettuce at fourth week.



Hydroponics 
No.

Fresh stem 
weight (g)

Dried stem 
weight (g)

Fresh root 
weight 

(g/stem)

Dried root 
weight 

(g/stem)

Dried 
leaves 

weight (g)

Fresh 
leaves 

weight (g)

1 16.36 1.36 4.75 1.26 0.15 1.34

2 17.92 1.47 5.01 1.69 0.17 1.43

4. Conclusion

The results of this research show that the one step production of PABC from PC by simple 
carbonization along with PAO in a closed system without the use of an inert gas or nitrogen in the 
temperature range of 400C and 600C could reduce the cost and production time. In this process, 
a small amount of oxygen from the air, which passes through the lid, acts as an activating agent 
for partial oxidation for PABC production. The PABC products exhibit good properties for water 
treatment with high potential utility in environmental applications. Diverse properties of the PABC 
products with highly disordered level of graphite, consist of new oxygenated functional groups 
(OH, C=O, C-O, and Si-O), retained oxide compounds (CaO, MgO, Na2O, K2O SiO2), and 
relatively high specific surface area and micropore volume. These can act as electrostatic 
adsorbents, cation and anion exchange materials, and filters. These characteristics increase with 
increasing carbonization temperature from 400C to 600C. For materials produced at 600C, the 
pore size of the PABC products fall in the range of micropores (< 2 nm) with a small content of 
mesopores and macropores. In addition, BET specific surface area of 270.27 m2/g was observed, 
which has the potential for adsorption of pollutants for water treatment. Therefore, the PABC 
produced at 600C was collected as filter for immobilization of pollutants from solution in AS. 
The presence of the PABC filter resulted in the reduction of total NH3, NO2

-, NO3
-, PO4

3-, and 
turbidity and increase in DO in water of the AS throughout all four weeks of the experiment with 
efficiency percentages of 33.33-35.90%, 4.93-13.43%, 9.15-12.90%, 34.97-43.04%, 10.23-
23.90%, and 16.86-23.90%, respectively. The PABC filter could maintain water pH in a mildly 
alkaline range throughout the experiment. These conditions are suitable for the culture of tilapia 
and red oak lettuce. However, the efficiency of the PABC decreased after the third week of the 
culture, as it began to reach sorption saturation. Therefore, the PABC filter should be replaced 
with a new one after four weeks of use. The used PABC can be reactivated and reused to grow 
vegetables. However, this will require further research. In addition, the optimization of parameters 
such as air flow rate and amount of air needed for activation of PC will also require further 
research.       
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Highlights 

• Papyrus culm derived activated biochar production by single step air activation could reduce the 
cost and production time.

• The best properties of the activated biochar were achieved with activation at 600C. 

• Derived activated biochar could maintain water for culture of tilapia and red oak lettuce.


