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Biochar modified by H3PO4 treatment can be used to purify malodorous 
gases during bio-drying of sludge, but the current understanding of multi-
component adsorption of malodorous gases through biochar is limited. 
This study examined the adsorption mechanism of mixed malodorous 
gases including toluene and ammonia (NH3) on two kinds of biochar 
modified via H3PO4 pretreatment before and after pyrolysis. The biochar 
obtained by H3PO4 pretreatment of biomass before pyrolysis (C550) 
preferred to adsorb NH3 whether in the single or the dual system. In 
contrast, the biochar obtained by H3PO4 reprocessing after pyrolysis of 
biomass (C350-550) tended to adsorb toluene in the dual system but was 
more efficient in absorbing NH3 in the single system. The pseudo-second-
order kinetic model indicated the synergistic adsorption between NH3 and 
toluene for all biochar samples. In-situ DRIFTS of C350-550 during 
adsorption demonstrated the formation of amino functional groups caused 
by NH3 chemical adsorption with -OH (or -COOH) in the dual system. 
These increases in basic groups on C350-550 could enhance the surface 
zero potential point of C350-550, thereby improving the non-polarity of 
C350-550 and benefit the adsorption of weak polar toluene. 
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INTRODUCTION 
 

Compared with thermal drying, sludge bio-drying is prospective due to the reduced 

energy consumption (Zheng et al. 2021; Zhao et al. 2022a). However, malodorous 

pollutants, such as gaseous ammonia (NH3) and volatile organic compounds (VOCs), are 

considered to be a key problem restricting the development of sludge bio-drying (Maulini-

Duran et al. 2013; Duan et al. 2022). An effective technology to remove colorless, 

corrosive, and harmful gas is thus necessary to protect human health from the serious 

pungent smell (González et al. 2019; Wang et al. 2022a). 

Adsorption has been considered to be the most cost-effective method for removing 

NH3 and toluene because of its mild operating conditions and product safety (Wysocka et 

al. 2019). Biochar, an environment-friendly adsorptive material, had been widely used to 

remove NH3 and toluene because of its high surface areas, abundant surface functional 

groups and pore structures, and the potential utilization of various waste biomasses for 

production (Zhang et al. 2017; Kim et al. 2020; Cha et al. 2022; Seo et al. 2022; Cho et al. 

2023). More attention has been paid to the modification or activation of biochar to further 

improve the adsorption ability of NH3 and toluene. Compared with other chemical 
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activation methods such as sulfuric acid (H2SO4), potassium hydroxide (KOH), and zinc 

chloride (ZnCl2), phosphoric acid (H3PO4) treatment showed unique advantages such as 

relatively mild pyrolysis conditions, low corrosivity to the equipment, minor pollution, and 

low costs (Yue et al. 2021; Zhu et al. 2022). In particular, oxygen functional groups, which 

greatly benefit the adsorption of NH3 and toluene, could be introduced into biochar by 

H3PO4 treatment (Cao et al. 2018; Chu et al. 2018; Liu et al. 2019). Fernandez et al. (2015) 

investigated the characteristics of biochar after H3PO4 post-treatment and observed more 

developed porosity of biochar for the adsorption of emerging organic pollutants. Liu et al. 

(2019) compared the removal ability of biochar treated by KOH and H3PO4 to methylene 

blue in wastewater and indicated that the adsorption capacity of biochar had been increased 

by five times as a consequence of the electrostatic interaction between the aromatic ring 

structure of biochar and phosphorus-containing functional groups. Chu et al. (2018) 

investigated the effect of H3PO4 treatment on the development of the porous structure of 

biochar and found a well-developed microporous structure and high specific surface area. 

These attributes were attributed to the catalytic effect of hydrogen protons provided by 

H3PO4 and the crosslink of cellulose structure with acid.  

However, most of the present works focused on the adsorptive removal ability of 

biochar in a single system, or in a dual system consisting of the same type of contaminant 

gases like ethylbenzene, acetone, and toluene (Zhang et al. 2017; Jayawardhana et al. 2021; 

Rajabi et al. 2021). The malodorous gases produced by sludge bio-drying were mixed gases 

simultaneously containing inorganic and organic gases, such as NH3 and VOCs (Chen et 

al. 2021, 2022; Zeng et al. 2022; Zhao et al. 2022b). Therefore, the effects of pre-

carbonization before H3PO4 treatment on the pore structure and surface functional groups 

of biochar need to be studied. In addition, the dynamic changes in the physicochemical 

properties of biochar caused by chemical adsorption and the competitive interactions 

between inorganic and organic gases on biochar surfaces during adsorption process need 

to be also investigated.  

Herein, two kinds of biochar were prepared by H3PO4 treatments: one was produced 

by H3PO4 pretreatment of biomass before pyrolysis, and the other was obtained by H3PO4 

reprocessing after pre-pyrolysis of biomass. The effects of H3PO4 treatments on the 

changes in the characteristics of final biochar production were systematically explored. 

Most importantly, the competitive interaction mechanism between organic and inorganic 

malodorous gases on biochar surface as well as the resulting changes in physicochemical 

properties and adsorption behaviors of biochar were explained in-depth. 

 

 

EXPERIMENTAL 
 
Materials 

Rice husk (RH), obtained from local farmland (Hefei, Anhui, China), was utilized 

to produce biochar. RH was ground to pass through a 20-mesh sieve. The obtained powder 

was washed by DIW and dried at 80 ℃ for 3 days. Phosphoric acid (H3PO4, AR, 85%), 

sodium hydroxide (NaOH, AR, 96%), and toluene were purchased from Sigma-Aldrich, 

Inc. (Shanghai, China). Ammonia standard gas (NH3) was provided by Xuancheng Source 

Gas Industry Co., Ltd. (Anhui, China). All reagents were used as received. 
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Biochar Preparation 
As the suitable pyrolysis temperature for the preparation of biochar by H3PO4 

modification was set to be 550 ℃ (Sun et al. 2018; Wang et al. 2022b; Cao et al. 2018), 

the final pyrolysis temperature of all biochar productions after H3PO4 treatment was unified 

at this temperature. The difference among these biochar samples was whether the pre-

pyrolysis process was carried out in the preparation process. 

In a typical preparation, RH powder was directly immersed into a 2 M H3PO4 

solution, and the ratio of powder to H3PO4 solution was 1:10 (g powder: mL solution). 

After stirring and drying, the mixture was pyrolyzed at 550 ℃ for 1 h under a nitrogen 

atmosphere to obtain the biochar. This production was washed by DIW until the filtrate 

was neutral. Finally, this production was labeled as C550. 

In comparison, RH powder was first placed into a tube furnace and treated at 350 

℃, 550 ℃, and 750 ℃ for 30 min under a nitrogen atmosphere, respectively. After 

pyrolysis, the obtained powder was immersed into a 2 M H3PO4 solution, followed by 

stirring for 1 h and drying at 80 ℃ overnight. The ratio of powder to H3PO4 solution was 

1:10 (g powder: mL solution). The mixture was pyrolyzed at 550 ℃ for 1 h under a nitrogen 

atmosphere to obtain the biochar. These productions were labeled as C350-550, C550-550, 

and C750-550, respectively.  

For ease of description, the process of producing C350-550, C550-550, and C750-

550 was defined and simplified as the H3PO4 post-treatment method with pre-

carbonization. Similarly, the process of producing C550 was defined and simplified as the 

H3PO4 pre-treatment method. 

 

Biochar Characterization  
The textural properties of biochar were obtained using an Autosorb iQ 

(Quantachome, USA). Fourier transform infrared spectroscopy (FTIR) of biochar was 

detected by Nicolet IS200 (ThermoFisher, USA) using KBr disks. The elemental 

compositions of biochar were measured using an elemental analyzer (Vario EL III, 

German). Raman spectroscopy of biochar was determined by LabRAM Soleil (HORIBA, 

Japan). In situ diffuse reflectance Fourier transform infrared spectroscopy (In-situ 

DRIFTS) system, including Nicolet iS50 Vertical leaf infrared spectrometer, MCT detector 

(Negoli, USA), Harrick in situ diffuse reflection accessory (ZnSe window sheet), and self-

made gas circuit control system was used to detect the changes of surface functional groups 

during the adsorption process of biochar for NH3 and toluene. The pH of biochar was 

measured by SevenDirect SD20 HA Kit (Mettler Toledo, USA) following the guidance 

from the previous literature (Liu et al. 2021).  

 

Adsorption Experiments 
The adsorption experiments were performed at room temperature under 

atmospheric pressure on a self-built experimental device (Scheme S1). For the binary 

system, firstly, a certain mass of the sample was fixed into a quartz tube. The inner diameter 

of the quartz tube was 10 mm and the length of the sample in the quartz tube was 

maintained at 108 mm. Sequentially, the sample was activated with pure N2 at 150 ℃ for 

2 h under a gas flow rate of 50 standard cubic centimeter per minute (sccm). After cooling, 

a gas mixture containing 500 ppm NH3, 500 ppm toluene, and the balance N2 was 

introduced into the quartz tube to start the evaluation of adsorption performance with the 

gas flow rate of 500 sccm. The outlet concentration of the gas mixture was monitored by 

Gas Chromatography and Mass Spectrometry (GC-MS, Shimadzu, QP2020NX, Japan). 
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For the single system, the methodology was the same as that of the binary system except 

for the gas mixture only containing 500 ppm NH3 or toluene and the balance N2. 

The adsorption breakthrough curve was determined by the plot of Ct/C0 versus time 

and was also utilized to calculate the adsorption capacity of NH3 or toluene of biochar. The 

formula was defined as follows (Cheng et al. 2020), 

𝑄 = 𝑞𝑖𝑛 × 𝐶𝑛0 × ∆𝑡 − ∫ 𝑞𝑜𝑢𝑡𝐶𝑛𝑡𝑑𝑡
𝑡

0
      (1) 

where 𝑄 is adsorption capacity (mL), 𝑞𝑖𝑛 is the inlet flow rate of the gas mixture (mL/min), 

𝑞𝑜𝑢𝑡 is the outlet flow rate of the gas mixture (mL/min), 𝐶𝑛0 is the inlet concentration of 

toluene or NH3 (%), 𝐶𝑛𝑡 is the outlet concentration of toluene or NH3 at a certain time (%), 

𝑡 is defined as the adsorption duration (s), and ∆𝑡 is defined as the total adsorption time (s). 

 

 

RESULTS AND DISCUSSION 
 
Biochar Properties 

The textural properties of all biochar samples are summarized in Table 1. The BET 

surface area and total pore volume of C550 were 284 m2/g and 0.769 mL/g, which was 

higher than 181 m2/g and 0.133 mL/g of C350-550, 263 m2/g and 0.196 mL/g of C550-

550, and 94.8 m2/g and 0.102 mL/g of C750-550, respectively. However, the micropore 

volume of C550 was only 0.0278 mL/g, which was lower than 0.0743 mL/g of C350-550, 

0.0921 mL/g of C550-550, and 0.0281 mL/g of C750-550, respectively. The comparison 

results indicated that the textural properties of biochar were significantly affected by 

different H3PO4 treatment methods. The surface area and total pore volume can be 

improved by the H3PO4 pre-treatment method, while the micropore volume can be 

enhanced via the H3PO4 post-treatment method. Another observation was that the average 

pore size of C350-550, C550-550, and C750-550 was about 2 to 4 nm, which was 

significantly smaller than that of about 10 nm of C550.  

 

Table 1. The Textural Properties of All Biochar Samples 

Samples aSBET(m2/g) bVtotal(mL/g) cVmicro(mL/g) Average pore size(nm) 

C550 284 0.769 0.0208 10.85 

C350-550 181 0.133 0.0743 2.93 

C550-550 263 0.196 0.092 2.99 

C750-550 270 0.198 0.952 4.81 
aDetermined by N2 adsorption–desorption isotherms at 77 K 
bDetermined by the amount adsorbed at P/P0 = 0.99 
cDetermined by the t-plot method 

 

The improvement of textural properties by H3PO4 treatment was ascribed to the 

chemical reactions between H3PO4 and raw biomass or biochar. Because H3PO4 is an acid 

catalyst, it can enhance the bond cleavage and crosslink reaction (Chu et al. 2018). The 

intramolecular or intermolecular dehydration of the biopolymer in biomass was accelerated 

under the catalysis of polyphosphoric acid by the dehydration of H3PO4 during the 

carbonization process, which produced a large amount of gases and steam. On the other 

hand, the C-O bond of alcohol or ether groups in biochar was attacked by hydrogen protons 

released from H3PO4, followed by lots of gases and steam forming and releasing during 

the pyrolysis process. These generated gases contributed to the high specific surface area 
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and large pore volume. It was worth noting that mesopores were dominant for C550, but 

the micropores were governing for C350-550, C550-550, and C750-550. This phenomenon 

was owing to two main reasons: the decomposition of crystalline cellulose in biomass was 

serious in the presence of H3PO4 during the pyrolysis, resulting in the fragmentation of 

carbon skeleton structure and the generation of more mesopore rather than micropore. 

Meanwhile, the pre-pyrolysis for producing biochar such as C350-550 decomposed a large 

number of organic fractions, and the crosslink reaction between the rigid carbon skeleton 

structure of C350-550 and H3PO4 was limited and generated micropores. 

Two spectral peaks with Raman shifts of 1350 cm-1 (D-band) and 1590 cm-1 (G-band) were 

distinctly observed in all biochar samples (Fig. 1), which corresponded to the disordered 

carbon structures and in-plane graphite vibrations, respectively. The ratio of the area of the 

D-band (AD) to the area of the G-band (AG) was applied to evaluate the integral 

heterogeneity in the C structure of biochar samples obtained by different H3PO4 treatment 

methods (Chen et al. 2021). The ratio of AD/AG was 1.70 for C550, 1.66 for C350-550, 

1.63 for C550-550, and 1.66 for C750-550, respectively. These results revealed that the 

H3PO4 pre-treatment method could increase the disorder degree of the final biochar. In 

addition, compared with the biochar obtained from the H3PO4 post-treatment method, the 

fragmentation of carbon skeleton structure was generated intensely with the pyrolysis of 

biomass and H3PO4, in terms of with the H3PO4 pre-treatment method (C550). 
 

Fig. 1. Raman spectra of all biochar samples. Test conditions: 532 nm laser, 50 times objective 
lens, 10 mW power, 5 s acquisition time, 2 cycles 

 

The FTIR spectra are presented in Fig. 2. The functional groups of all biochar 

samples are displayed in Table 2. The main functional groups included Si-O-Si, aromatic 

ring or substituted aromatic ring, carboxyl, C=O and C=C, aliphatic C, and hydroxyl. In 

particular, the characteristic peaks of 1147 cm-1 indicated the presence of aminophosphonic 

acid functional groups. The characteristic peaks of 1170 cm-1 corresponded to the 

stretching vibration of the P-O (hydrogen-bonded) bond, to the O=P-OH bond, or to the 

O–C stretching vibration of the P-O-C bond, revealing the presence of phosphorus or 

phosphocarbonaceous compounds. These results implied that H3PO4 reacted with the 

carbon of biomass or biochar during the pyrolysis process, and a part of phosphorous 

existed in the form of functional groups on the surface of the final biochar. The intensity 
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of 1147 cm-1 and 1170 cm-1 of C350-550, C550-550, and C750-550 absorbances were 

stronger than C550, indicating that the phosphorus functional group was easier to form by 

the H3PO4 post-treatment method. For C350-550, there was a distinct characteristic peak 

at 990 cm-1, which corresponded to the P-OH group (Shen and Zhang 2019). 

 

 
 

Fig. 2. FTIR spectra of all biochar samples under the wavenumber ranging from 400 to 1500 cm-1 
(left) and from 1500 to 4000 cm-1 (right) 

 

Table 2. The Exhaustive Functional Groups of All Biochar Samples 

Wavenumber (cm-1) Main Functional Groups References 

495 Si-O-Si Liu et al. 2019 

993 P-OH Shen and Zhang 2019 

673, 690, 750, 810, 880 
aromatic ring or substituted 

aromatic ring 
Barroso-Bogeat et al. 

2015 

1147 aminophosphonic acid Liu et al. 2019 

1170 

the stretching vibration of P-O 
(hydrogen-bonded) bond, O=P-
OH, the O–C stretching vibration 

of the P-O-C bond 

Cordero-Lanzac et al. 
2017 

1384 
Carboxyl and bending vibration of 

-OH 
Liu et al. 2019 

1613 C=O and C=C Liu et al. 2019 

2923 aliphatic C Cao et al. 2018 

3450 -OH Liu et al. 2019 

 

The elemental analysis (C, H, and O) of all biochar samples is summarized in Table 

3. The C content of C350-550, C550-550, and C750-550 increased with the increase of 

pre-pyrolysis temperature, while the O content of these samples appeared the opposite 

tendency. In addition, the C and O content of C350-550, C550-550, and C750-550 were 

higher than C550, suggesting that the H3PO4 post-treatment method was beneficial to the 

retention of carbon skeleton and oxygen content compared with the H3PO4 pre-treatment 

method. The H/C and O/C atomic ratios were applied to evaluate the aromaticity and 

polarity of biochar samples, respectively. The ratio of H/C was 0.043 for C350-550, 0.037 

for C550-550, and 0.043 for C750-550, which was higher than 0.036 for C550, indicating 

that more aromatic structures were present in C350-550, C550-550, and C750-550. Thus, 

the pre-carbonization was favorable to forming aromatic structures and retaining aromatic 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Su et al. (2023). “Biochar modified by H3PO4,” BioResources 18(2), 3870-3884.  3876 

structures during subsequent H3PO4 treatment (Chu et al. 2018). The ratio of O/C for C350-

550, C550-550, and C550 showed the same trend as the ratio of H/C. Combined with the 

FTIR spectra, it could be inferred that the surface of biochar had more intensified 

phosphorus oxygen species by the H3PO4 post-treatment method than by the H3PO4 pre-

treatment method. 

 

Table 3. The Elemental Analysis (C, H, and O) of All Biochar Samples 

Samples  C H O H/C O/C 

C550 70.17 2.59 22.15 0.036 0.32 

C350-550 73.42 3.14 25.95 0.043 0.35 

C550-550 73.81 2.75 25.41 0.037 0.34 

C750-550 74.61 3.23 23.15 0.043 0.31 

 

Performance and Mechanism of Biochar Adsorption to NH3 And Toluene  
To investigate the adsorption behavior of NH3 and toluene in the dual system, the 

dynamic adsorption experiments of all biochar samples were conducted. The adsorption 

breakthrough curve of NH3 and toluene for all biochar samples are displayed in Fig.3. The 

duration corresponding to Ct/C0=0.05 was defined as the breakthrough time, and the 

duration corresponding to Ct/C0=0.95 was defined as the saturated adsorption time. For 

NH3 adsorption, the breakthrough time was 9975.5 s/g for C550, 2930.1 s/g for C350-550, 

6015.7 s/g for C550-550, and 354.2 s/g for C750-550, but for toluene adsorption, the 

breakthrough time was 5119.8 s/g for C550, 15524.1 s/g for C350-550, 4946.9 s/g for 

C550-550, and 91.5 s/g for C750-550, respectively. Among them, C550 had the largest 

specific surface area and could provide the most adsorption sites for NH3 adsorption, which 

leads to a longer breakthrough time. For toluene, C350-550 has the most acidic oxygenated 

functional groups, and these functional groups could react with NH3 during adsorption in 

the dual system, which leads to the formation of amino functional groups on the biochar 

(Fig.6). These amino functional groups could be turned into new adsorption sites to delay 

the critical time point of toluene, leading to the prolonging of the breakthrough time of 

toluene (Fig.7). 

 

 
 

Fig. 3. The adsorption breakthrough curve of NH3 (left) and toluene (right) for all biochar samples 
in the dual system 

 

The saturated adsorption capacity for NH3 and toluene of all biochar samples were 

present in Fig. 4. C550 possessed the highest NH3 adsorption capacity, 38.5 mL/g, while 
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C350-550 possessed the highest toluene adsorption capacity, 66.9 mL/g. C350-550 also 

had the highest total adsorption capacity of NH3 and toluene, 79.2 mL/g. However, either 

NH3 or toluene adsorption capacity was the lowest for C750-550, only 2.16 mL/g for NH3 

and 0.642 mL/g for toluene, respectively. In particular, C550 and C550-550 possessed 

similar toluene adsorption capacities, which corresponded to the adsorption breakthrough 

curve. According to these results, a conclusion could be drawn that H3PO4 pretreatment of 

biomass before pyrolysis was beneficial to NH3 adsorption but H3PO4 reprocessing after 

pre-pyrolysis of biomass under 300 ℃ was preferred to toluene adsorption in the dual 

system. 

The adsorption kinetics fitting results of the experimental data could provide a 

valuable reference for further analysis of the mechanism of the adsorption reaction. 

Therefore, the pseudo-first-order kinetic model and the pseudo-second-order kinetic model 

were applied (Hameed et al. 2007). The fitting results are shown in Tables S2 and S3. It 

can be seen that the fluctuation range of the R-square of the pseudo-first-order kinetic 

model (0.7414 to 0.9481 for NH3 and 0.7113 to 0.9741 for toluene, respectively) was 

obviously wider than that of the pseudo-second-order kinetic model (0.9632 to 0.9998 for 

NH3 and 0.9962 to 0.9999 for toluene, respectively). This suggests that biochar adsorption 

for NH3 and toluene mixtures was controlled by a process of diffusion of adsorbate into a 

network of small pores (Hubbe et al. 2019).  

 

 
 

Fig. 4. The saturated capacity of NH3 and toluene for all biochar samples in the dual system 

 

The adsorption mechanisms of biochar are explained by physical interaction, 

electrostatic interaction, the London dispersion component of van der Waals forces, π–π 

stacking, and hydrogen bonding. The dominant adsorption mechanisms were mainly 

decided by biochar physicochemical properties. Figure 5 shows that the C350-550 

possessed the highest NH3 adsorption capacity, corresponding to the largest micropore 

volume (Table 1) and the highest acidic O-containing functional group contents on the 

surface (Fig. 2). The large micropore volume could improve the adsorption capacity 

because most of the adsorbate was stored in the pores through micropore filling, and the 

high acidic O-containing functional group contents on the surface could also improve the 

adsorption capacity through acid-base interaction with the basic molecule of NH3. 

Therefore, physical (micropore filling) and chemical interactions (acid-base interaction) 

were suggested to be the dominant NH3 adsorption mechanisms (Zhang et al. 2022). For 

toluene, according to the previous literature (Feng et al. 2021), the N-containing functional 
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group can promote the adsorption of phenyl compound due to the change in the 

electrostatic potential on the surface of the biochar, which causes the deviation of the 

phenyl compound adsorption site and increases the van der Waals interaction between the 

two molecules. The result of in-situ DRIFTS in the present study shows the formation of a 

large amount of amine-containing functional groups during NH3 adsorption, which is 

consistent with preconditions of Feng’s study (Fig. 6). Therefore, van der Waals force 

adsorption was the main adsorption mechanism. In addition, the hydroxyl group as an 

electron donating group can enhance the interaction between electron clouds, thereby 

strengthening the π-π interaction. The FTIR results in this study showed the presence of -

OH in the biochar samples. Thus, the pi-pi interaction was a supplementary mechanism.  

 

The Effects of H3PO4 Treatment on Adsorption Mechanism of Biochar  
According to the results in Fig. 4, C550 and C350-550 were selected as the typical 

samples to illustrate the effects of different H3PO4 treatments on the adsorption selectivity 

of NH3 and toluene of biochar in the dual system in-depth. As shown in Fig. 5, the 

adsorptive performance of C550 in the single system was similar to that in the dual system. 

The adsorption capacity ratio of NH3 to toluene in the single system was 1.92, which meant 

that C550 was still preferred to adsorb NH3 in the single system. However, for C350-550, 

the adsorption selectivity between NH3 and toluene in the single system was significantly 

different from that in the dual system. In the single system, the adsorption capacity of NH3 

was 39.3 mL/g, much higher than that of 12.3 mL/g in the dual system, and the adsorption 

capacity ratio of NH3 to toluene in the single system was 1.62. This result indicated that 

C350-550 was also preferred to adsorb NH3 in the single system, which was the same as 

C550. 

 
 

Fig. 5. The saturated capacity of C550 and C350-550 for NH3 and toluene in the single system 
 

Combined with the kinetics results, an inference could be drawn that the chemical 

adsorption of NH3 (or toluene) would cause dynamic changes in the physicochemical 

properties of biochar, leading to further enhancing (or weakening) adsorption behavior of 

toluene (or NH3) in the dual system. The amine-containing sites were formed during the 

interactions between NH3 molecules and ‒OH (or ‒COOH), introducing the basic N-

containing groups such as pyridinic N and pyrrolic N (Wang et al. 2021) into the biochar 

samples. These increases in basic groups on the biochar surface could increase the surface 

zero potential point of the biochar, thereby increasing the non-polarity of the biochar and 
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benefiting the adsorption of weak polar toluene. As shown in Fig. 2, a large amount of P‒

OH and ‒COOH were present on the surface of C350-550, suggesting that more basic N-

containing groups were formed and consequently the non-polarity of C350-550 was 

stronger than that of C550 during adsorption process in the dual system. Therefore, the 

toluene adsorption capacity of C350-550 in the dual system was much higher than that in 

the single system. 

To further demonstrate this inference, the changes in functional groups of C350-

550 during adsorption in the dual system were detected by In-Situ DRIFTS. As shown in 

Fig.6, the intensity of peak of 1500 to 1700 cm-1 increased with the adsorption of toluene. 

The peaks of 3048, 2829, and 993 cm-1 were considered as amino functional groups (Wang 

et al. 2021), and these peaks increased initially but remained unchanged later. In addition, 

the adsorption rate in the breakthrough curve of C350-550 was calculated. The time point 

at which the adsorption rate of NH3 decreased in the dual system was earlier than that in 

the single system (Fig. 7). In contrast, the time point at which the adsorption rate of toluene 

decreased in the dual system was delayed compared with that in the single system. 

Furthermore, the spent C350-550 after NH3 adsorption was reused to adsorb toluene in the 

single system, and the toluene capacity was 28.2 mL/g, higher than 24.3 mL/g of fresh 

C350-550 (Fig. 8). Besides, the adsorption capacity ratio of NH3 to toluene decreased from 

1.92 in the single system to 1.62 in the dual system, indirectly indicating the reasons for 

the phenomenon. Therefore, these experimental results were consistent with the above 

inference, demonstrating the formation of amino functional groups on the biochar caused 

by NH3 adsorption in the dual system. These amino functional groups could be turned into 

new adsorption sites to delay the critical time point of toluene, leading to the increase of 

the adsorption capacity of toluene.  

 

 
 

Fig. 6. In-Situ FTIR spectra of C350-550 during adsorption in the dual system 
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Fig. 7. The adsorption rate in the breakthrough curve of C350-550 for NH3 and toluene in the dual 
system (left), NH3 in the single system (middle), and toluene in the single system (right) 
 

 
 

Fig. 8. The toluene capacity of C350-550 before and after NH3 adsorption 

 

 

 

CONCLUSIONS 
 
1. Organic and inorganic volatile compounds exhibited competitive interactions on 

biochar surfaces modified by H3PO4 treatment during the adsorption process. These 

competitive interactions led to dynamic changes in the physicochemical properties of 

biochar, resulting in different adsorption behaviors. 

2. In the dual system, different adsorption selectivity was observed among biochar 

samples: the biochar obtained by H3PO4 pretreatment of biomass before pyrolysis 

tended to adsorb NH3, while the biochar obtained by H3PO4 reprocessing after pre-

pyrolysis of biomass under low temperatures preferred to remove toluene. 

3. Abundant surface acidic O-containing functional groups were introduced into biochar 

by post-treatment of H3PO4 under low temperatures. The enhanced non-polarity of 

biochar caused by the interactions between NH3 molecules and these surface acidic O-

containing functional groups during the adsorption process was considered to be the 

main reason for adsorptive selectivity. 
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