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Abstract: The objective of this study was to investigate the relationship between ammonium (NH4

+-N) dynamic sorption 
capacity and physicochemical properties of modified biochars.  Biochars, producing from three species of agricultural wastes 
of cornstalk (A), corncob (B) and sawdust (C) at 550°C, 600°C and 650°C, were modified by four methods of NaOH plus 
microwave (NaM), KOH (K), FeCl3 (Fe) and HNO3 (H).  The static and dynamic adsorption experiments were conducted to 
investigate sorption characteristics of modified biochars on NH4

+-N in slurry of piggery manure anaerobic digestate.  Four 
modified biochars with better NH4

+-N adsorption rates were selected through static kinetics adsorption tests, which showed that 
chemical reactions might have occurred during the NH4

+-N sorption process and the maximum NH4
+-N removal rates of 

B-550-Fe, A-550-NaM, A-550-K and C-600-NaM were 66.64%, 57.50%, 52.39% and 45.20%, respectively.  The dynamic 
adsorption column experiment was conducted in a three-stage adsorption column packed with the selected three modified 
biochars.  NH4

+-N dynamic adsorption depended on the slurry inflow flow rate, the type of biochar and the depth of packed 
biochar.  The optimal adsorption process was elected by the method of orthogonal experiment.  The data showed that using 
deeper packed biochar and applying lower flow rates could be a better strategy to increase NH4

+-N adsorption.  The maximum 
NH4

+-N removal rate in the slurry could reach 85.60% in the three-stage adsorption process.  It concluded that NH4
+-N 

adsorption in three-stage adsorption process could be an effective method to recover nitrogen from piggery manure anaerobic 
digestate. 
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1  Introduction 

Anaerobic digestion technology is the worldwide applied 
technology for treating livestock manure[1].  Anaerobic digestion 
projects also produce a large amount of digestates, which are 
renowned for containing high nutrients mainly nitrogen and 
phosphorus compounds that often pollute the environment[2-4].  In 
China, the chemical oxygen demand (COD), total nitrogen (TN) 
and total phosphorus (TP) from the livestock breeding industry 

                                                 
Received date: 2018-10-07    Accepted date: 2019-01-10 
Biographies: Jingtao Ding, PhD, Senior Engineer, research interests: cyclic 
utilization from agricultural resources, Email: dingjingtao@caaepd.org.cn; 
Yujun Shen, PhD, Senior Engineer, research interests: cyclic utilization from 
agricultural resources, Email: shenyujun@caaepd.org.cn; Yanru Ma, PhD, 
research interests: cyclic utilization from agricultural resources, Email: 
mayanru168@163.com; Hongsheng Cheng, PhD, Senior Engineer, research 
interests: cyclic utilization from agricultural resources, Email: 
chenghongsheng@caaepd.org.cn; Xi Zhang, PhD, Senior Engineer, research 
interests: fertilizer utilization of agricultural wastes, Email: zhangxi@ 
caaepd.org.cn; Jian Wang, PhD, Engineer, research interests: cyclic utilization 
from agricultural resources, Email: wangjian@caaepd.org.cn; Pengyue Zhang, 
MA Eng, Assistant Engineer, research interests: cyclic utilization from 
agricultural resources, Email: yue.zp@foxmail.com. 
*Corresponding author: Haibo Meng, PhD, Professor, research interests: 
biomass utilization. No.41, Maizidian Street, Chaoyang District, Beijing 100125, 
China.  Tel: +86-10-59197288, Email: menghaibo@caaepd.org.cn. 

accounted for 96%, 38% and 56% of the total pollutants from 
agricultural sources respectively and were 2.3 times that of 
industrial sources, according to the China pollution source census 
carried out in 2010.  The biogas projects produced about 1.12 t of 
slurry every year.  Nowadays, Chinese biogas projects produce 
about 1.12 t of anaerobic digestate slurry every year[5], in which the 
content of ammonia nitrogen (NH4

+-N) is as high as 80% of TN[6].  
The slurry pollution puts a lot of pressure on the environmental 
protection. 

To reduce the environmental pollutions from biogas slurry, 
several methods ranging from biological, physical, chemical or a 
combination of these have been explored.  Ammonium recovery 
from slurry and reuse has been one of the effective methods to treat 
and recycle utilize anaerobic digestate slurry[7-9].  In recently years, 
the potential use of biochar as a better adsorbing material has been 
proposed as an alternative treatment in sewage treatment and 
nutrient recovery[10-13].  Biochar is described as porous solid 
carbonaceous material producible through pyrolysis of a wide 
range of biomass in anoxic conditions at temperatures ranges of 
300°C-1500°C[14].  Biochars have long-term potential for soil 
water retention[15-18], adsorption and fixation of nutrient elements[19], 
due to its favorable characteristics such as high surface area, high 
porosity, cation exchange capacity and pH buffering ability.  To 
enhance adsorption capacities of biochar, physical and chemical 
modification on biochar have also emerged as a hot field of 
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research directions.  After been modified, the chemical property 
of biochars are more stable and are more conducive for adsorption 
of nutrients and different organic pollutants from domestic, 
agricultural and industrial waste waters[20-24].  Modified carbon 
with adsorbed nutrient can be used as soil amendment to enhance 
soil fertility and crop yield due to the adsorbed nutrients are slowly 
released for use by plants. 

At present, the capacity of biochar to take up NH4
+-N from 

sewage is well recognized by the ways of static adsorption 
experiments in laboratory studies[20,21].  However, from our 
literature survey, the application of biochar to treat piggery manure 
anaerobic digestate slurry for nutrient recovery has not been fully 
researched.  Moreover, few studies have been conducted in 
describing ammonium adsorption dynamic behavior for biogas 
slurry based on modified biochar, which could provide data that 
could be easily scaled up to suit real-field engineering perspective.  
Therefore, this study investigated the performance of ammonium 
adsorption removal from piggery manure anaerobic digestate slurry 
in a three-stage adsorption column packed with the selected three 
modified biochars.  Through dynamic adsorption test, the effects 
of operational parameters (packed height, modified biochar mass, 
and slurry influent rate) on ammonium adsorption capacity, 
breakthrough time, and saturation time have been evaluated.  This 
study could give a viable technology for recovery of ammonium 
from anaerobic digestate on a small-to-medium scale, thereby 
reducing treatment costs and overcoming inefficiencies of 
conventional methods. 

2  Materials and methods 

2.1  Modified biochar production 
The raw materials to produce biochars were cornstalk, corncob 

and sawdust, which were taken from rural areas in Daxing district, 
Beijing, China.  The raw materials were firstly crushed to pieces 
(5-10 cm), followed by cleaning and sieving before being modified.  
The pretreated biomass was then dried at 105°C, and then were 
transformed to biochars under N2 gas pyrolysis at 550°C, 600°C 
and 650°C using tube furnace (OTF-1200X).  After cooling down, 
the 9 kinds of biochars were smashed to 60 mesh sieve for the 
following modification.  The modified solutions we choose were 
NaOH (2 mol/L), KOH (2 mol/L), HNO3 (2 mol/L) and FeCl3  
(1.5 mol/L).  Each kind of quantitative biochar (50 g) was added 
into 200 mL modified solution at 70°C for 2 h, and they were 
placed in the oscillator (at 35°C and 120 r/min) for 24 h.  Then the 
biochars were washed with deionized water until pH of the 
washings was neutral.  To get the modified biochar of NaOH plus 
microwave, the biochar modified with NaOH was further modified 
in a microwave equipment (Microwave dissolver, WXJ-III) at  
800 W power.  All the modified biochars were dried at 70°C for 
the following experiment. 
2.2  Biochar characteristics analysis 

Specific surface area, pore size distribution and porosity of 
biochar were characterized by mercury intrusion spectrometer 
(AutoPore IV9520, made in United States of America).  
Functional group and surface structure analysis were characterized 
by Fourier transform infrared spectroscopy (VERTEX 70v, made 
in Germany) and scanning electron microscopy (FEI Quanta FEG 
650, made in United States of America), respectively. 
2.3  Static adsorption experiment 

Slurry of piggery manure anaerobic digestate was sampled in 
Donghuashan biogas project, Shunyi district, Beijing, China.  
NH4

+-N concentration and pH of the slurry were 1856.5±    

142.2 mg/L and 8.1±0.2, respectively.  In the static adsorption 
experiment, 7.5 g modified biochar was mixed with 30 mL biogas 
slurry in the 50 mL centrifuge tube.  The centrifuge tube was then 
put into the Oscillator with temperature of 25°C and rate of    
150 r/min.  Slurry samples were taken at the time of 1, 2, 3, 5, 15, 
60, 120, 240, 480 and 720 min after the mixture.  The slurry 
samples were filtered using a filter membrane with 0.45 μm.  
NH4

+-N concentration of the filtrate was determined by UV 
spectrophotometer (i7, made in China). 
2.4  Dynamic adsorption column experiment 

The dynamic adsorption column experiment was conducted in 
three-stage acrylic plastic columns with an internal diameter of  
70 mm and height of 1000 mm (Figure 1).  The columns were 
separately packed with the three biochar types.  To study the 
parameters of dynamic adsorption, an orthogonal experiment of 3 
factors with 3 levels was conducted.  The injected biogas slurry 
flow rate was set at 3 L/h (A1), 5 L/h (A2) and 7 L/h (A3).  Types 
of packed modified biochar were B-550-Fe (C1), A-550-K (C2) and 
A-500-NaM (C3).  Packing height of modified biochar were set at 
30 cm (B1), 50 cm (B2) and 70 cm (B3).  Through the analysis of 
orthogonal experiment results, the dynamic adsorption capacity of 
NH4

+-N in biogas slurry and the operation time of the dynamic 
adsorption system were studied to obtain the optimum process of 
dynamic adsorption for NH4

+-N in biogas slurry. 

 
Figure 1  Dynamic adsorption experimental device 

 

2.5  Data analysis 
In order to investigate the mechanisms involved during the 

sorption processes, the kinetics of NH4
+-N sorption on biochars 

were described using a pseudo first order kinetic model and a 
pseudo second order kinetic model presented as follows: 

1(1 )k t
t eq q e             (1) 

2
2 2/ (1 )t e eq k q t k q t           (2) 

where, k1 is the rate constant of the pseudo first order sorption, 
min−1; k2 is the pseudo second order rate constant, g/mg·min; qt is 
the sorption amount of NH4

+-N onto biochars at time t, mg/g; and 
qe is the mass of sorbate sorbed at equilibrium. 

The results of dynamic adsorption column experiments were 
the average of three replications.  The amount of NH4

+-N sorbed 
and its removal rate from the solution were calculated based on 
their concentration differences in the initial and the breakthrough 
point.  The sorption amount Q (mg/g) onto biochars and its 
removal rate R (%) was obtained as follows: 

Q = (C0 – Ce)V/WA       (3) 
R = (C0 – Ce)/C0×100%        (4) 

where, C0 and Ce are the NH4
+-N concentration (mg/L) of biogas 

slurry at initial and the time of breakthrough point, respectively; WA 
is the quality of biochar used in adsorption column, g; V is the 
volume of biogas slurry throughout the column at breakthrough 
point, L. 
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3  Results and discussion 

3.1  Selecting modified biochars with high NH4
+-N adsorption 

capacity 
Biochars with larger specific surface area may have a larger 

adsorption capacity.  In this study, specific surface area of the 
modified biochars, Varying in a wide range from 15.0 m2/g to 
169.83 m2/g (Figure 2), increased apparently as compared to the 
unmodified biochars.  The corncob biochars had larger specific 
surface area than the other two kinds of biochars.  Obviously, the 
biochar modified by NaOH plus microwave (NaM) and FeCl3 (Fe) 
had larger specific surface area than the other two modified 
methods of KOH (K) and HNO3 (H).  B-600-Fe had a larger 
surface area (169.83 m2/g) than the other biochars.  For the corn 
straw biochars, the modified biochars with the higher specific 
surface area were A-650-NAM (66.30 m2/g), A-650-Fe (60.81 m2/g) 
and A-550-NaM (58.66 m2/g), respectively.  For the corncob 
biochars, the modified biochars with the higher specific surface 
area were B-650-Fe (169.828 m2/g), and B-600-Fe (168.62 m2/g) 
and B-550-Fe (163.76 m2/g), respectively.  For the sawdust 

biochars, the modified biochars with the higher specific surface 
area were C-550-Fe (45.47 m2/g), C-600-NaM (43.43 m2/g) and 
C-550-NaM (38.22 m2/g), respectively. 

The specific surface area of biochar was an important factor 
affecting the adsorption capacity of NH4

+-N, but it’s not the only 
one.  Additionally, the physico-chemical properties of biochar 
such as yield, ash, specific surface area, elemental composition, 
pH, surface functional groups could influence adsorption 
mechanisms of biochar on NH4

+-N [21].  To quickly screen out 
biochars with good adsorption performance on NH4

+-N, an extra 
experiment was conducted in pure NH4Cl solution.  The results 
showed that the modified biochars with NH4

+-N adsorption 
capacity were A-550-NaM (8.51 mg/g), B-550-Fe (8.09 mg/g), 
A-550-K (7.58 mg/g) and C-600-NaM (7.60 mg/g) (Figure 3).  
The pore diameter of the four modified samples was below 2 nm, 
while the pore diameter of unmodified biochars was ranged from 
2 nm to 50 nm.  Take A-550-NaM for an example, the surface 
porosity increased and the surface pore channels expanded 
compare with A-550-N, facilitating NH4

+-N to enter the active 
site (Figure 4). 

 
Figure 2  Specific surface area of various studied biochars 

 
Figure 3  NH4

+-N adsorption capacities of all studied biochars 
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A-550-N A-550-NaM 

 

 

Figure 4  SEM of A-550-NaM biochar 
 

 

A-550-NaM, B-550-Fe and A-550-K had a similar pattern on 
the FTIR spectra, which may be attributed to the uniform pyrolysis 
temperature used[25] (Figure 5).  According to standards from 
reference book and previous studies[26], the band at 1579 cm-1 
represents carboxyl group (-COOH).  The bands at 2916 and  
2852 cm−1 are assigned to methylene group (-CH2).  There was an 
obvious valley in the range of 3362 cm-1, indicating that the surface 
of biochars was mainly hydroxyl (-OH).  By on, Functional 
groups of -OH and -COOH were on the surface of A-550-NaM, 
A-550-K and B-550-Fe.  The two functional groups could 
enhance the electrostatic adsorption on NH4

+-N.  At the same time, 
there was a peak in the range of 2925 cm-1, where -CH2 increased.  
The peak values around 1000 cm-1 represents the stretching 
vibration of lactones groups, indicating the enhanced aromaticity to 
the benefit of adsorption capacities.  B-550-Fe surface was loaded 
with Fe3+, which could active the surface functional groups of 
biochar.  The enhanced hydrophilicity of biochar could improve 
the cation exchange performance.  Meanwhile, after oxidation of 
NaOH and KOH, more oxygen-containing functional groups were 
formed on the surface of biochar. 
3.2  Static kinetic sorption 

The selected four modified biochars of A-550-NaM, B-550-Fe, 
A-550-K and C-600-NaM were used to study their static adsorption 
capacities of NH4

+-N in biogas slurry.  Similar to typical kinetic 
process, NH4

+-N sorption on the four modified biochars was fast in 
the initial 30 min and reached equilibrium in 150 min (Figure 6).  
In order to investigate reaction mechanisms, the sorption data were 

fitted with kinetic models, including the pseudo first order, pseudo 
second order and intra-particle diffusion model (Table 3).  For the 
other three modified biochars, the correlation coefficient of 
Pseudo-second-order kinetic equation were higher than that of 
Pseudo-first-order, implying that chemical reactions, e.g., exchange 
of cations, complexation and precipitation, might have occurred 
during the NH4

+-N sorption process[25,27].  The maximum NH4
+-N 

removal rates of B-550-Fe, A-550-NaM, A-550-K and C-600-NaM 
were 66.64%, 57.50%, 52.39% and 45.20%, respectively. 

 
Figure 5  FTIR of four modified biochars 

 
a.  b. 

 

Figure 6  Four modified biochars adsorption kinetic curves of NH4
+-N in biogas slurry 
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Table 3  Adsorption kinetic parameters of NH4
+-N in biogas slurry 

Sample 
Pseudo-first-order Pseudo-second-order 

qe /mg·g-1 k1 R1
2 ᵡ1

2 qe /mg·g-1 k2 R2
2 ᵡ2

2 

B-550-Fe 4.000 0.624 0.985 0.024 4.114 0.273 0.995 0.007 

A-550-NaM 3.816 0.288 0.987 0.019 3.918 0.621 0.994 0.009 

A-550-K 3.336 0.204 0.976 0.029 3.433 0.432 0.993 0.009 

C-600-NaM 3.050 0.138 0.984 0.018 3.159 0.300 0.987 0.015 
 

3.3  Effect of operating conditions on dynamic adsorption 
performance 

B-550-Fe, A-550-NaM and A-550-K were selected in the 
dynamic sorption column experiment for their high static 
adsorption capacities.  The orthogonal experiment (3 factors with 
3 levels, as mentioned in Section 2.4) results indicated that NH4

+-N 
adsorption capacity of the biochar-fixed column was positively 
related with volume of treated slurry and sorption time (Table 4).  
ANOVA results showed height of fixed biochar was the main fact, 
which extremely significantly effecting on dynamic adsorption 

capacity, volume of treated slurry and sorption time (p<0.01), in 
contrast with the fact of biogas slurry flow rate (p>0.05).  Types 
of packed modified biochar significantly influenced on dynamic 
adsorption capacity, volume of treated slurry and sorption time 
(p<0.05).  Range analysis method was used to select the optimal 
sorption process.  Based on the results, as showed in Table 5, 
treatment of A2B3C3 had the highest dynamic adsorption capacity, 
A2 B2C2 had the maximum throughput of biogas slurry, and A2B1C1 

had the shortest period of sorption time.   

 

Table 4  Orthogonal test results of NH4
+-N adsorption performance 

Treats Name 
Flow/L·h−1 

(A) 
Height/cm 

(B) 
Biochars (C) 

NH4
+-N adsorption capacity Q 

/mg·g−1 
Volume of treated slurry 

/L 
Sorption time 

/min 

T1 A1B1C1 3 30 B-550-Fe 4.293 2.8 60 

T2 A1B2C2 3 50 A-550-K 5.861 6.5 231 

T3 A1B3C3 3 70 A-550-NaM 12.146 10 326 

T4 A2B1C3 5 30 A-550-NaM 8.011 5 169 

T5 A2B2C1 5 50 B-550-Fe 6.889 6.5 106 

T6 A2B3C2 5 70 A-550-K 10.238 9 303 

T7 A3B1C2 7 30 A-550-K 6.023 4.5 149 

T8 A3B2C3 7 50 A-550-NaM 7.246 7.2 275 

T9 A3B3C1 7 70 B-550-Fe 9.537 7.5 169 
 

Table 5  Extremum difference analysis results 

Index K A B C 

NH4
+-N 

adsorption 

capacity 

K1 22.301 18.327 20.720 

K2 25.138 19.996 22.122 

K3 22.806 31.922 27.403 

Range 2.838 13.595 6.684 

Optimal decision  B3C3A2  

Volume of  

treated slurry 

K1 19.3 12.3 16.8 

K2 20.5 26.5 22.2 

K3 19.2 20.2 20.0 

R 1.3 14.2 5.4 

Optimal decision  B2C2A2  

Sorption time 

K1 617.0 378.0 334.5 

K2 578.0 612.0 683.0 

K3 592.5 797.5 770.0 

R 39.0 419.5 435.5 

Optimal decision  B1C1A2  
 

3.4  Dynamic adsorption performance of optimized process 
In order to select an optimal process to capture NH4

+-N in 
biogas slurry using three-stage dynamic adsorption method, the 
study hypothesized that the 1st sorption column should has short 
sorption time so that slurry could flow into the following column as 
quick as possible to prevent blocking and to enhance handling 
ability.  The 3rd sorption column should have better dynamic 
adsorption capacity, and function of the 2nd sorption column should 
between the function of 1st and the 2nd sorption column.   

Based on the hypothesis and the analysis in Section 3.3, 
A2B1C1, A2B2C2 and A2B3C3 were arranged in the 1st, 2nd and 3rd 
sorption column device (Figure 1), respectively.  Dynamic 
sorption capacity of each column increases gradually with the 
increasing of injected slurry volume, and eventually reached 
equilibrium (Figure 7).  The equilibrium NH4

+-N adsorption 
capacities of A2B1C1, A2B2C2 and A2B3C3 were 7.57 mg/g,   
11.55 mg/g and 14.23 mg/g, with the running time of 189 min,  
424 min and 584 min, respectively.  The maximum NH4

+-N 
adsorption rate of the three-stage dynamic adsorption device could 
reach to 85.60%. 

 
Figure 7  Adsorption effect of the optimized process on NH4

+-N 
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The breakthrough curves of NH4
+-N adsorption of each 

column were shown in Figure 8.  If taking the point (Ce=0.5C0) as 
the penetration point, the penetration time of A2B1C1, A2B2C2 and 
A2B3C3 were 30 min, 90 min and 125 min, respectively.  If taking 
the point (Ce=0.8C0)as the penetration point, the adsorption 
saturation time of A2B1C1, A2B2C2 and A2B3C3 were 190 min,  
350 min and 420 min, respectively.  The penetration time of the 
three-stage dynamic adsorption process were 6.67 times, 2.22 times 
and 1.6 times than the time of A2B1C1, A2B2C2 and A2B3C3 

single-stage adsorption processes.  

 
Figure 8  Breakthrough curves of NH4

+-N adsorption 

4  Conclusions 

This study investigated the physicochemical properties of 
modified biochars and dynamic sorption capacity of ammonium in 
a three-stage column packed with modified biochars from 
anaerobically digested slurry.  Based on the results the following 
conclusions can be drawn:  

1) The modified biochars with higher NH4
+-N adsorption 

capacity were A-550-NaM (8.51 mg/g), B-550-Fe (8.09 mg/g), 
A-550-K (7.58 mg/g) and C-600-NaM (7.60 mg/g);  

2) All sorption processes followed pseudo-second-order 
kinetics equation, implying that chemical reactions might have 
occurred during the NH4

+-N sorption process, and the maximum 
NH4

+-N removal rates of B-550-Fe, A-550-NaM, A-550-K and 
C-600-NaM were 66.64%, 57.50%, 52.39% and 45.20%, 
respectively;  

3) Deeper packed biochar and applying lower flow rates could 
be benefit to increase NH4

+-N adsorption;  
4) The best adsorption process was selected in the three-stage 

adsorption process, and the maximum NH4
+-N removal rate in the 

slurry could reach 85.60%.  
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