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Abstract
Purpose Charred materials are low in bioavailable nitrogen (N) due to gaseous losses and the formation of recalcitrant 
structures during pyrolysis. Enriching chars with N from wastewaters offers a possibility to upgrade the agronomic value of 
the chars and manage the liquids. For assessing the practical feasibility of the approach, more information on the extent of 
the retention and release of the loaded N is needed.
Methods The ammonium-N  (NH4-N) retention capacity of chars derived from sewage sludge (SS_A-C), Salix wood (SA), 
broiler manure (BR) and coal (LG85) was determined via equilibrations in solutions containing 400, 1500 and 5000 mg 
 NH4-N  L−1. Plant availability of the loaded N in SS_C, SA and BR was studied in a pot experiment with ryegrass.
Results Differences in the total N retention of moist chars were small. The amount of N retained increased with increase in 
the solution N and was at the highest 2–4 g  NH4-N  L−1 char. In four consecutive ryegrass harvests, the apparent N recoveries 
were 67, 47 and 34% for SA, BR and SS_C treatments. No slow release of N was observed.
Conclusion Considering crop production, the amounts of N retained within the studied chars in bioavailable form were small. 
Chars with a higher N retention capacity would be needed for an efficient cascade from water purification to fertilizer use.
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Statement of Novelty

The  NH4-N sorption capacity of various charred materials 
has been studied quite extensively from a theoretical point 
of view to appreciate the potential of chars in treating N-rich 
wastewaters. The produced N enriched chars are thought to 
serve as slow-release N fertilizers but studies on their real 
fertilizer value are scarce. This study provides a practically 
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oriented research on the retention and release of  NH4-N 
loaded from strong N solutions into chars derived from vari-
ous feedstocks. The paper highlights key issues that need to 
be considered and resolved before the approach can be put 
into practice.

Introduction

Chars for soil amendment can be produced from various 
organic waste and side stream biomasses by heating in low 
oxygen conditions [1, 2]. The pyrolysis process is advanta-
geous in that it reduces the weight and volume of the bio-
mass for transportation, eliminates pathogens and harmful 
organic compounds, enhances carbon (C) sequestration, and 
yields energy in a form of upgradable gas [3–5]. Agronomic 
benefits achievable by char amendments in soil comprise 
improved water holding ability, increased cation exchange 
capacity (CEC) and nutrient availability, and higher pH val-
ues [6, 7]. The key properties of chars contributing to these 
possible positive impacts, namely porosity, surface activity 
and nutrient contents vary greatly depending on the process 
conditions and especially on the feedstock material [e.g., 
8–11]. Chars derived from animal manures and biosolids are 
generally rich in nutrient elements due to the inherently high 
nutrient contents of the feedstock biomasses, whereas wood-
based (lignocellulosic) chars typically contain relatively low 
amounts of nutrients but exhibit the greatest C contents [12]. 
However, scarcity of bioavailable nitrogen (N), is common 
to all charred materials due to gaseous losses of N com-
pounds and the formation of recalcitrant N-ring structures 
during pyrolysis [13–17]. An increase in the maximum pro-
cess temperature tends to increase volatilization of N and 
other volatile elements (e.g., C, and sulfur (S)), whereas 
non-volatile elements (e.g., phosphorus (P) and potassium 
(K)) remain enriched in the char fraction [9, 18].

Increasing the N content of charred materials after pyrol-
ysis is one possibility to upgrade the agronomic value of 
the product since N is the nutrient most often limiting plant 
growth. Chars derived from straw, shells, manure and woody 
materials have shown to sorb N from aqueous solutions, 
especially in the ammonium  (NH4

+) form, though the range 
of sorption capacity extends from below 1 to several dozens 
of mg N per g char [e.g. 19–25]. The char  NH4-N sorp-
tion ability has been linked to the abundance of negatively 
charged surface functional groups which bind cations via 
electrostatic interactions [20, 24, 26, 27]. Furthermore, sur-
face precipitation, complex formation, and physical entrap-
ment of  NH4

+ within the char matrix are among the iden-
tified retention mechanisms [22, 28, 29]. For example, Li 
et al. [24] found char CEC and micropore volume to be the 
main factors governing  NH4

+ adsorption on chars derived 
from switchgrass, water oak and biosolids, whereas Fan 

et al. [28] found evidence of surface precipitation of struvite 
 [MgNH4(PO)4] and complexation between  NH4

+ and surface 
hydroxyl species in sorption studies with bamboo biochar.

Exploiting recycled sources of N (e.g., in animal slurries, 
stripper effluents or other nutrient-rich process waters) in 
char loading would result in a circular bio-based fertilizer 
product that could reduce the input of new reactive N into 
the environment and contribute to C sequestration. Encour-
aging results have been achieved in enriching chars with 
urea ammonium nitrate [22], anaerobic digestate slurry from 
piggery manure [23], and dairy effluent [30]. Even though 
some chars seem to be able to carry agronomically meaning-
ful amounts of N, the approach may be challenged by strong 
retention. Limited release of the added N to salt extracts 
(0.001–1 M KCl or  CaCl2) [22, 26, 30] and by plant uptake 
[31] has been reported. However, more results on the plant 
availability of N loaded in chars are needed from pot and 
field tests involving plants to assess the usability and value 
of various N enriched chars in agriculture.

In this study, the  NH4-N sorption capacity of six chars 
derived from four contrasting feedstock materials (sewage 
sludge, Salix wood, broiler manure and coal) was assessed in 
a set of laboratory equilibration experiments. Thereafter, the 
release of retained N from selected chars was investigated in 
a pot experiment with ryegrass. The aim was to determine 
whether N enriched chars can retain and release N in rates 
appropriate for crop production or landscaping and to iden-
tify the most promising raw materials for such use.

Materials and Methods

Tested Chars

Chars derived from sewage sludge, Salix wood and broiler 
manure via a slow pyrolysis process and a commercial acti-
vated charcoal were included in the study (Table 1). The 
sewage-sludges originated from wastewater treatment plants 
in the two largest cities of Finland, Turku and Espoo, and 
were processed after vacuum drying (87–97% dry matter 
content) by an electronically heated industrial pilot-scale 
pyrolysis device (Ecomation Ltd, Finland) operated con-
tinuously [32]. Salix wood was chipped and dried (91% dry 
matter content) before pyrolysis, which was conducted using 
a robust pilot-scale batch-type (batch size ca. 90 kg) reactor. 
The targeted process peak temperature was 450–500 °C, and 
the process was run until the gas formation ceased. Sphag-
num peat bedded broiler manure was obtained from Biolan 
Oy (Eura, Finland), pre-dried at 37 °C and pyrolyzed in a 
batch-type laboratory-scale pyrolysis equipment [9]. Com-
mercial activated charcoal (SORBOTECH LG85) intended 
for filtration use was acquired from a local distributor.
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Char Nitrogen Retention Capacity

The chars were gently crushed and sieved to obtain a particle 
size fraction of 0.6–2 mm, which was used in N sorption 
experiments.

The sorption was carried out at room temperature using 
laboratory grade ammonium sulfate ((NH4)2SO4) solution at 
concentrations of 400, 1500 and 5000 mg N  L−1 and pH lev-
els of 6 and 8 adjusted with sodium hydroxide (NaOH) and 
sulfuric acid  (H2SO4) before equilibration. The chosen pH 
range was expected to cover the maximum sorption poten-
tial of the chars [23, 28, 33]. At pH 6, the ratio of ammonia 
 (NH3) to  NH4

+ is strongly in favor of  NH4
+ and very small 

quantities of  NH3 can be expected to be released, whereas 
at pH 8  NH3 has a stronger role [34, 35].

According to the volume weight determined for the sieved 
size fraction of each char, 10 ml (1.9–7.3 g) of char was 
weighed and placed in a 250 mL flask, after which 100 mL 
of N solution was added and the suspensions were shaken for 
24 h in a rotating shaker. Thereafter, the suspensions were 
filtered (Whatman Grade 589/3) and the filtrates were ana-
lyzed for pH (SevenCompact Duo Mettler Toledo,  InLAb® 
Expert Pro-ISM) and  NH4-N concentrations using a continu-
ous flow analyzer (Skalar San++System). Each treatment 
was conducted in three replicates. The amount of N adsorbed 
was calculated per char volume from the difference of solu-
tion N concentrations in blank samples containing no char 
and char-containing samples. Volume basis was adopted due 
to the considerable differences in the volume weights of the 
studied char materials rendering mass-based comparisons 
less meaningful (Table 1).

In addition, the N content of the char fraction was deter-
mined to include free N occurring in the solution that was 
retained within the char pores and between char particles. 

The chars were analyzed fresh using the Kjeldahl method 
(in-house procedure based on SFS EN ISO 20483:2013, EN 
ISO 5983-2 and AOAC 2001.11; FOSS Kjeltec™ 8400) and 
after drying (37 °C) via dry combustion (LECO TruMac 
CN). The fresh char was collected from filter paper after 
all the free solution had drained, which took approximately 
1–2 h. The volumetric moisture contents of the fresh chars 
were ca. 45% for the SS_A-C, 40% for SA and nearly 60% 
for BR and LG85.

To assess the amounts of elements released from the 
chars, a 24-h extraction was carried out with deionized water 
adjusted to pH 6 and 8 before equilibration with NaOH and 
 H2SO4 similarly than for the N-containing solutions. The 
water extracts were analyzed for their pH (SevenCompact 
Duo Mettler Toledo, InLAb® Expert Pro-ISM), electri-
cal conductivity (EC, SevenCompact Duo Mettler Toledo, 
InLAb® 731.ISM), total organic C (TOC-VCSH Shi-
madzu),  NH4-N,  NO3-N (Skalar San++System), and total 
concentrations of Al, Ca, Cu, Cd, Cr, Fe, K, Mg, Mn, P, 
Pb, S and Zn (ICP-OES, Perkin Elmer Optima 8300). In 
addition, the total N concentration of the chars was deter-
mined after water extraction when fresh using the Kjeldahl 
method and after drying (37 °C) via dry combustion. The 
 (NH4)2SO4-equilibration-induced change in the char total N 
was calculated as the difference between N in the N-treated 
and water extracted chars so that the mass based N contents 
were converted to volume based concentrations using the 
char bulk densities.

The chars strongly buffered the suspension pH, where-
fore the pH adjustment of the deionized water extract and 
the  (NH4)2SO4-equilibration solutions to 6.0 or 8.0 before 
the treatment turned out to be negligible. Since the final pH 
values measured after the treatments were found exactly or 
nearly equal despite of the pH adjustment, the amounts of 

Table 1  General description of the chars used in the study

na Values not available
a Maximum temperature and retention time are approximate, as the pilot-device was not equipped with an appropriate measurement system
b Adsorption-desorption isotherms as in[32]
c EN13040:2007 using 0.1 L cylinder volume

SS_A SS_B SS_C SA BR LG85

Feedstock material Sewage sludge 
(city of 
Turku)

Sewage sludge 
(city of 
Turku)

Sewage sludge 
(city of 
Espoo)

Salix wood Broiler 
manure 
(peat bed-
ding)

Coal

Retort type Continuous, 
industrial 
pilot scale

Continuous, 
industrial 
pilot scale

Continuous, 
industrial 
pilot scale

Batch, pilot  scalea Batch, labora-
tory scale

Commercial scale

Maximum temp. (°C) 450 500 500 550 450 na
Retention time (h) 1 1.5 1.5 1 1 na
Specific surface area  (m2  g−1)b 6.3 8.4 5.8 107 6.3 1033
Volume weight (g  cm−3)c 0.7 0.7 0.7 0.2 0.2 0.5
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released elements in the water extracts and the sorption test 
results are presented as averages over the two initial solution 
pHs (six replicates for each treatment) and no pH adjustment 
was made in the second stage of N loading.

Nitrogen‑Enriched Chars as N Fertilizers

The release of added  NH4-N retained within the chars was 
assessed from three of the six chars. Based on the equilibra-
tion test results, one sewage sludge-derived char (SS_C), 
wood-based SA and manure-based BR were selected and the 
activated charcoal (LG85) and two SS chars were omitted 
from the study. Representative 2.5–4 L aliquots of the chars 
at a 0.6–2 mm particle size were loaded with an  (NH4)2SO4 
solution containing 5000 mg N  L−1. The solution pH (5.4) 
was not adjusted. Due to technical challenges with the high 
volumes, a char to solution ratio of 1:5 was adopted, and the 
chars were treated in several batches each containing at least 
0.2 L char. The suspensions were shaken at room tempera-
ture for 24 h, after which the chars were allowed to drain on 
filter paper for at most 1 h. Finally, the replicate batches of 
each char were combined and sampled for total N analysis. 
The moist chars were stored in an airtight container at + 4 °C 
until they were transferred to the pot experiment described 
below. The total N concentrations of the chars before and 
after the N loading were analyzed using the Kjeldahl method 
in three replicates per sample. In assessing the treatment-
induced changes in the chars’ total N, the mass based values 
were converted to volume based concentrations using the 
bulk densities of the char.

The pot experiment was conducted with a sandy soil con-
taining 4% clay (< 0.002 mm), 4% silt (0.002–0.02 mm), 
58% fine sand (0.02–0.2 mm) and 34% sand (0.2–2 mm) 
in 8 L plastic pots (ø 22 cm) each containing 5.4 kg of soil 
(dry matter). The soil was limed to achieve a target pH of 
6.5 and fertilized with granular superphosphate and nutrient 
solutions prepared of laboratory grade chemicals contain-
ing other nutrients than N. In total 1800 mg P, 4000 mg K, 
9000 mg Ca, 300 mg Mg, 430 mg S, 20 mg Fe, Zn, and 
Mn, 10 mg Cu and 2 mg B and Mo was applied per pot for 
assuring that no other nutrient than N would limit growth 
[36]. The K application was split to 2000 mg  pot−1 at estab-
lishment, 1000 mg  pot−1 after the first harvest and 500 mg 
 pot−1 after the following harvests to achieve a steady and 
adequate K supply.

The experimental treatments comprised five increasing 
mineral N (min-N, (Ca(NO3)2/NH4NO3; 25%  NH4-N, 75% 
 NO3-N) addition levels (0–1500 mg min-N  pot−1) and three 
N enriched chars rationed to contain 1125 mg loaded N 
 pot−1 as follows:

(1) min-N 0 (non-N-fertilized control),
(2) min-N 300 (300 mg N  pot−1),
(3) min-N 750 (750 mg N  pot−1),

(4) min-N 1125 (1125 mg N  pot−1),
(5) min-N 1500 (1500 mg N  pot−1),
(6) SS_C (1125 mg loaded N  pot−1),
(7) SA (1125 mg loaded N  pot−1),
(8) BR (1125 mg loaded N  pot−1).
The char additions per pot were ca. 0.2 L in BR and SS_C 

and 0.4 L in SA (40.4, 125 and 76.4 g char DM, respec-
tively). Each treatment was carried out in five replicates.

The chars and added nutrients were thoroughly mixed 
in the soil, after which water was added to moisten the soil 
to ca. 70% of its water holding capacity. Italian ryegrass 
(Lolium multiflorum var. Barmultra II) was sown at a rate 
of 360 mg seeds  pot−1 to attain ca. 1 germinating seed per 
4  cm2. Finally, the pots were arranged in a completely rand-
omized design in an open-wall greenhouse. Deionized water 
was used for irrigation according to the needs of the plants. 
The grass leaf mass was harvested four times, 4 (Jul 11), 
7 (Jul 28), 11 (Aug 28) and 17 (Oct 6) weeks after sowing 
(June 10) by cutting the grass to a height of 2 cm. The leaf 
mass was oven dried (+ 60 °C), weighed for the dry mass 
yield and analyzed for the total N using the Kjeldahl method.

The total N uptake in the aboveground leaf biomass was 
calculated by multiplying each leaf dry mass yield by its 
N concentration. An uptake response curve of N was fit-
ted to the increasing mineral fertilizer-N additions and from 
this curve, the mineral-N equivalents of the N loaded in the 
chars were determined according to the N uptakes obtained 
with the N enriched chars. The division of the N uptake 
between the four subsequent harvests was observed using 
the apparent N recoveries determined as a proportion of the 
total N added that was recovered in the above ground plant 
biomass after subtracting the corresponding N content in 
non-N-fertilized plants.

Data Analysis

For the chars, four dependent variables (sorption of  NH4-N, 
change in the total N at an equilibration ratio of 1:10 and 1:5 
v/v, respectively, and the drying (+ 37 °C) induced change 
in the total N concentration) were analyzed using a linear 
mixed model (LMM) with the treatment (SS_A, SS_B, 
SS_C, SA and LG85), concentration level (0, 400, 1500 
and 5000 mg N  L−1), and their interaction as fixed effects. 
Correlated samples of concentration levels within each rep-
licate were taken into account using an unstructured (UN) 
or a heterogeneous compound symmetry (CSH) covariance 
structure using the R-side random effect. For the change in 
the total N at the equilibration ratio of 1:5 v/v, a simplified 
model was used, where only three treatments (SS_C, SA and 
BR) were compared through the fixed effects. Unequal vari-
ances were allowed for the treatments in all models, based 
on a likelihood ratio test.
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A similar two-way-interaction model for treatments was 
used for the N uptake of ryegrass, but the concentration level 
was replaced by the harvest (1 to 4). Correlated samples of 
harvests were taken into account using an UN covariance 
structure through the R-side random effect. For the total N 
uptake, a simplified model was used, where only four treat-
ments (SS_C, SA, BR and min-N 1125) were compared 
through fixed effects. The assumption of equal variances 
was used for the treatments in both models.

The assumption of normality of the residuals was studied 
graphically from multiple residual plots and was found to be 
adequate for all models. The restricted maximum likelihood 
(REML) estimation method was used, and degrees of free-
dom were calculated using the Kenward–Roger method [37]. 
Tukey’s method [38] was used for pairwise comparisons of 
the means, with a significance level of α = 0.05. Treatments 
were compared within each concentration level or harvest to 
minimize the number of pairwise comparisons.

The analyses were performed using the GLIMMIX pro-
cedure of the SAS Enterprise Guide 7.15 (SAS Institute Inc., 
Cary, NC, USA).

Results and Discussion

Char Characteristics

Feedstock sources are known to have a major influence on 
biochar properties [e.g. 8, 39–40], and for this reason chars 
derived from contrasting materials were chosen for testing 
(Table 1). The general differences between wood- (SA), 
sewage sludge- (SS_A-C) and manure-based (BR) chars 
of the current study produced at rather low temperature 
(450–550 °C) through slow pyrolysis agreed with previ-
ous findings. The wood-based chars tend to exhibit a higher 

specific surface area and total C content but a lower CEC 
and total and available element concentrations than manure- 
and biosolids-based chars [12]. The elemental composition 
of the water extracts showed the activated charcoal (LG85) 
to be very poor in available elements, whereas the manure-
based BR released K, P and S. Broiler manure is one of 
the nutrient richest manures and in our previous study [9] 
the peat bedded broiler manure feedstock was found to con-
tain 24.9, 14.9 and 5.8 g K, P and S per kg dry mass (dm), 
respectively. The wood-based SA released some K, and the 
sewage-sludge-based chars mainly released Ca and S but 
also some N (Table 2, Sect. 2.2). According to the exten-
sive review of Ippolito et al. [12] wood-based chars contain 
relatively high amounts of K (on average nearly 20 g total K 
 kg−1 dm), whereas in biosolids derived chars, the mean total 
concentrations of Ca (ca. 50 g  kg−1 dm), S (ca. 1 g  kg−1 dm) 
and N (ca. 2.5 g  kg−1 dm) are the highest among feedstock 
sources. However, predicting plant availability of nutrients 
based on their total concentrations is somewhat complicated 
and dependent on the feedstock material and nutrient ele-
ment [12]. Considering the inherent fertilizer value of the 
current chars based on their water-extractable element con-
centrations, the BR would be most promising by providing 
ca. 35 kg K, 1 kg P and 1.5 kg S per dm ton in easily plant 
available form, but also the easily available K content of the 
SA (ca. 3.5 kg  t−1 dm) is worth mentioning.

All the studied chars turned the water extracts alkaline, 
but the BR clearly had the highest pH (Table 2), which is 
typical for chars derived from high-ash animal manures [e.g. 
8, 41]. The pH of the sewage sludge-derived chars has been 
shown to increase from an acidic range to become highly 
alkaline with an increase in the production temperature [42, 
43]. Moreover, sewage sludge-based chars contain high 
amounts of metal rich ash [44, 45] and are relatively heavy 
(Table 1).

Table 2  Electrical conductivity 
(EC, µS  cm−1), pH and amounts 
of elements (mg  L−1 char) 
desorbed from untreated char 
in water  extractsa (1:10 v/v)b. 
The values are averages of six 
replications ± standard deviation

a The pH of deionized water was adjusted to 6 (3 replicates) or 8 (3 replicates) with sodium hydroxide 
(NaOH) or sulfuric acid  (H2SO4) but since the pH values of the extracts after the 24-h extraction were 
equal and there were no systematic differences in the amounts of released elements between the initial pH 
levels the results are presented as averages over the 6 replicates. The minor addition of Na or S is consid-
ered insignificant
b NO3-N, Al, Cd, Cr, Cu, Fe, Mn, Pb, Zn traces or not detected (nd)

SS_A SS_B SS_C SA BR LG85

pH 7.29 ± 0.14 7.53 ± 0.18 7.57 ± 0.11 8.31 ± 0.02 10.5 ± 0.03 7.82 ± 0.07
EC 971 ± 60 509 ± 37 540 ± 85 212 ± 3 2769 ± 47 32 ± 6
NH4-N 259 ± 14 126 ± 59 153 ± 17 1.0 ± 0.2 9.0 ± 2.3 0.5 ± 0.2
Org. C 596 ± 62 544 ± 81 794 ± 99 60 ± 4 152 ± 6 12 ± 4
Ca 1709 ± 216 755 ± 36 851 ± 197 6.2 ± 0.7 9.4 ± 0.4 17.4 ± 8.3
K 33 ± 3 73 ± 14 42 ± 10 707 ± 15 7229 ± 418 4.1 ± 0.9
Mg 42 ± 5 35 ± 7 39 ± 9 2.8 ± 0.3 54 ± 2 2.7 ± 1.3
P 1.0 ± 0.3 1.3 ± 0.7 1.5 ± 0.5 11.8 ± 0.6 209 ± 9 nd
S 609 ± 61 182 ± 34 201 ± 52 2.5 ± 2.0 313 ± 6 nd
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The specific surface areas in Table 1 showing orders 
of magnitude differences between the char types, reflect 
the nano-porosity of the materials, which is less relevant 
regarding the present application than micrometer-scale 
pores allowing rapid solution flow [46]. Previously, Rasa 
et al. [11] found willow (Salix) biochar to retain the initial 
internal structure of the fresh wood so that the vascular tis-
sues formed a total char porosity of 0.6. In broiler manure 
biochar, which is equivalent to the current BR, Keskinen 
et al. [9] observed a more versatile pore structure in com-
parison to the willow char, although the total porosity was 
likewise around 0.6. In the current sewage sludge-based 
chars, Turunen et al. [32] recorded a pore space consisting 
of small individual pores and crevices accompanied by large 
spherical cavities. The total porosity values of the SS chars 
remained slightly below 0.2, and they had no effect on soil 
or growing media water retention properties.

Nitrogen Enrichment

The equilibration solution pH values measured after 
the treatment decreased with an increase in the solution 
 (NH4)2SO4 concentration so that average ranges of 7.5–7.0 
in the sewage sludge- based chars (SS_A,B and C), 8.0–7.5 
in SA, 9.2–8.2 in BR and 8.6–7.9 in LG85 were obtained. 
Kizito et al. [23], Fan et al. [28] and Tang et al. [33] reported 
 NH4-N adsorption onto chars derived from rice husks, wood, 
bamboo, and sewage sludge to increase with an increase in 
the pH value from around 3 up to 7 due to deprotonation 
of surface functional groups, but beyond pH 7–8 begin to 
decrease, which was possibly due to the conversion of  NH4

+ 
to poorly adsorbing ammonia  (NH3). In the current study, 
adjusting the pH to around 7 during the equilibration might 
thus have slightly increased the adsorption for the most alka-
line chars (SA, BR, LG85).

At 400 mg  NH4-N  L−1 equilibration solution concen-
tration, BR and LG85 exhibited the highest N adsorption 
capacity of nearly 1 g  NH4-N  L−1 of char (Fig. 1), which cor-
responded to ca. 20% removal of the total N in the equilibra-
tion solution. In SA, SS_B and SS_C, only ca. 0.2 g  NH4-N 
was adsorbed per L of char and the N removal efficiency 
was thus merely roughly 5%. In SS_A, no N sorption was 
detected at the 400 mg  NH4-N  L−1 equilibration concentra-
tion level but rather the char released some N.

At higher equilibration concentrations (1500 and 5000 mg 
 NH4-N  L−1), the relative changes in the equilibration solu-
tion  NH4-N remained marginal, which led to a rather high 
deviation between the replicates and thus to loss of sig-
nificant differences between the char adsorption capacities 
(Fig. 1). Though the mean values of the adsorbed N tended 
to increase with an increasing solution N concentration, a 
significant difference in the amount of adsorbed N between 
the N levels was found only for the SS_A between 400 and 

5000 mg N  L−1 solution concentrations (p = 0.01, SE = 0.44). 
Overall, the maximum N adsorption capacity of the studied 
chars seemed to be limited to around 0.5–2 g N  L−1 char. On 
a mass basis, the maximum adsorbed values corresponded 
to ca. 1–2 mg N  g−1 for the SS chars, 3.5 mg  g−1 for LG85 
and 7.5–8 mg  g−1 for SA and BR.

In comparison to previous studies covering various feed-
stocks, process conditions, equilibration solution  NH4-N 
concentrations, char:solution ratios, pH levels and particle 
sizes, the current range of maximum adsorption seems typi-
cal. The reported values mainly range from zero adsorption 
or a slight N release up to around 10 mg  NH4-N retention per 
g char, with the values centering below 5 mg  g−1 [e.g. 20, 
24, 25, 29, 30, 33, 47–49]. Only in single studies have the 
adsorption of several dozens [22, 23] or over 100 mg  NH4-N 
 g−1 char [26] been reported. Multiple processes have been 
found to be involved in the retention of  NH4-N in char and 
the main mechanism probably depends on the char proper-
ties, e.g. quantity and quality of surface functional groups 
able to bind  NH4

+ via electrostatic interactions and morpho-
logical characteristics governing physical sorption [22–25, 
50]. In chars rich in ash, such as the SS_A-C and BR in 
the current study, the surface precipitation of e.g. struvite 
 (MgNH4PO4) may also play a role in the N retention [28]. 
Identifying the specific sorption mechanisms was beyond 
the scope of this study.

The N concentrations of the chars, measured via the 
Kjeldahl digestion of the moist char material, in addition to 
the adsorbed N discussed above, included N carried in the 
solution retained within the char pores and between the char 
particles after free gravity drainage. At 400 mg  NH4-N  L−1 

Fig. 1  Net adsorption of  NH4-N (mg  L−1 char) at equilibrium solu-
tion concentrations of 400, 1500 and 5000  mg  NH4-N  L−1 as 
 (NH4)2SO4. The results are mean estimates with a ± 95% confidence 
interval. The values are slightly displaced horizontally for clarity. Sta-
tistically significant differences between chars within equilibration 
levels are denoted with different letters (p < 0.05)
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equilibration level, changes in the char total N concentra-
tion from the average values obtained after water extraction 
roughly agreed with the adsorption/desorption values (Fig. 1, 
Table 3). In exception, the LG85 exhibited a clearly lower 
increase in char’s total N than the decrease recorded in the 
equilibration solution N, which may be related to  NH3 evap-
oration (see below). In all chars, the amount of N retained 
significantly increased with an increase in the equilibration 
solution N concentration (p < 0.05, SE = 0.25–0.29), and at 
higher solution N concentrations, the increases in the char’s 
total N exceeded the decreases in the equilibration solution 
N. Considering the porosity values determined for the pre-
sent chars in previous studies (0.6 for SA and BR, and ca. 0.2 
for the SS chars; [9, 11, 32], the SS_chars could be expected 
to be able to hold less solution than the more porous chars. 
However, the retention of N solution between the char par-
ticles was also possible, but dependent on the particle size 
distribution within the applied range (0.6–2 mm), which 
was not specified. Furthermore, the spatial organization of 
the pore space and possible hydrophobic characteristics of 
the chars may also have controlled the absorption of the N 
solution. In the end, a comparison of the moisture contents 
of the fresh chars revealed that the SA chars held less solu-
tion (ca. 40% v/v) than the SS (ca. 45%) and BR and LG85 
chars (ca. 60%).

In general, the differences in the total N retention capac-
ity between the chars were small when considering the true 
fertilizer value of the products, though the BR char tended 
to retain the highest amounts of added N (Table 3). It is 
noteworthy that the activated charcoal (LG85) was equal 
in performance to the slow pyrolyzed chars derived from 

low value feedstocks. At a 1:10 equilibration ratio, in total 
roughly 2–4 g  NH4-N  L−1 char could be loaded using a 
5000 mg  NH4-N  L−1 solution. Narrowing the char:solution 
ratio to 1:5 and increasing the batch size resulted in a further 
increase in the char total N. This effect was most pronounced 
for the SS_C char and may be explained by the increased 
ionic strength which enhanced the  NH4-N adsorption [28].

The differences between the total N concentrations of 
the chars when fresh and after drying at 37 °C revealed the 
BR and LG85 chars to be susceptible to gaseous loss of the 
loaded N (Fig. 2). The amount of N lost from these chars 

Table 3  The total N concentration and change in the total N (g  L−1) of fresh chars after 24-h equilibration for a 0, 400, 1500 and 5000 mg  L−1 
 NH4-N solution with an equilibration ratio of 1:10 v/v and for a 5000 mg  L−1  NH4-N solution with an equilibration ratio of 1:5 v/v

The results of the total concentrations at a ratio of 1:10 are the averages of six replications ± standard deviation and at 1:5 the average of three 
replications ± standard deviation. The values of the increases in the total N are mean estimates with the standard error of the mean (SEM) given 
in parenthesis. Statistically significant differences between chars within equilibration concentrations (rows) are denoted with different letters 
(p < 0.05)

SS_A SS_B SS_C SA BR LG85

Total N (g  L−1) at eq. ratio 1:10
 0 mg  L−1 18.7 ± 0.9 18.9 ± 0.6 19.2 ± 1.0 1.3 ± 0.1 8.6 ± 0.6 1.8 ± 0.1
 400 mg  L−1 18.5 ± 1.0 19.1 ± 0.6 19.4 ± 0.4 1.5 ± 0.1 9.8 ± 0.9 2.0 ± 0.1
 1500 mg  L−1 19.5 ± 0.6 20.1 ± 0.7 20.3 ± 0.7 2.0 ± 0.1 10.6 ± 0.5 2.8 ± 0.1
 5000 mg  L−1 21.0 ± 1.2 21.6 ± 0.8 21.4 ± 0.5 3.2 ± 0.3 12.2 ± 0.3 4.5 ± 0.3

Increase in total N (g  L−1)
 400 mg  L−1  − 0.2 (0.3)a 0.2 (0.3)a,b 0.2 (0.2)a 0.3 (0.2)a 1.2 (0.2)b 0.3 (0.2)a

 1500 mg  L−1 0.8 (0.3)a,b 1.2 (0.3)a,b 1.1 (0.2)a,b 0.7 (0.1)a 2.0 (0.2)b 1.0 (0.1)a

 5000 mg  L−1 2.3 (0.4)a,b,c 2.6 (0.3)a,b,c 2.2 (0.2)b,c 1.9 (0.2)b 3.7 (0.3)a 2.8 (0.2)a,c

Total N (g  L−1) at eq. ratio 1:5
 No treatment 18.3 ± 0.04 1.1 ± 0.02 7.2 ± 0.03
 5000 mg  L−1 24.4 ± 0.4 3.7 ± 0.04 12.5 ± 0.2

Increase in total N 6.1 (0.2)a 2.7 (0.0)b 5.3 (0.1)a

Fig. 2  Drying (+ 37 °C) induced changes in the total N concentration 
(g  L−1) of chars after equilibration in a 0–5000 mg  NH4-N  L−1 solu-
tion. The values are mean estimates with ± 95% confidence intervals. 
Changes differing significantly (p < 0.05) from zero are marked with 
an asterisk (*)
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corresponded at the most to 40% of the amount added during 
equilibration. This finding can be explained by the pH values 
of the chars and increased temperature during the treatment. 
The proportion of volatile  NH3 to aqueous  NH4

+ increases 
sharply with an increase in pH in the alkaline range [e.g. 51]. 
In addition, the proportion of  NH3 increases with an increase 
in temperature [35, 51]. Consequently, in the highly alka-
line chars (BR and LG85 exhibiting pH of around or above 
8 in the equilibration solution) the free  NH4

+ not directly 
attached to the char could easily be lost. Furthermore, in 
these chars, the moisture content when fresh was the high-
est, suggesting presence of free  NH4-N containing solution 
retained within the char pores (see Sect. 2.2). In the SA and 
SS chars, in which no significant loss of N was observed, the 
pH was lower though also alkaline. Besides the pH, the lack 
of  NH3 volatilization may be explained by differences in the 
N retention mechanisms (entrapment, precipitation, adsorp-
tion), which could not be differentiated in the current study.

Nitrogen Release

Over the four consecutive ryegrass harvests, the 
total N uptake per pot decreased in the order of 
min-N > SA > BR > SS_C as the N source (Fig. 3). Accord-
ing to the N uptake response curve, 89 ± 4, 62 ± 5 and 
43 ± 4% of the enriched N was equivalent to the min-N in 
the SA, BR, and SS_C chars, respectively.

The total apparent N recovery over the four consecu-
tive harvests was 75, 67, 47 and 34% of the added N in 
the min-N 1125, SA, BR and SS_C treatments, respectively 
(SE = 1.5). From all the N sources, the highest N recovery 

occurred during the first hay growth and decreased thereafter 
with a gradually depleting supply (Fig. 4). In the first cut, 
significantly less N was acquired from the SS_C than from 
the SA and BR chars or mineral fertilizer, whereas in the 
second cut the mineral fertilizer addition supplied more N 
than the chars, among which the SA char could be discerned 
as the best N source. In the third cut, the N recoveries for the 
min-N and SA treatments were equal and somewhat higher 
than from the BR and SS_C treatments. In the final fourth 
cut, no significant differences in the N recovery of the dif-
ferent treatments occurred.

The results demonstrated that the N loaded in the SA char 
was easily released for plant uptake, whereas for the BR and 
especially SS_C chars a considerable part of the N enrich-
ment was not available to plants. In light of the findings on 
the gaseous N loss (Fig. 2), it can be assumed that volatiliza-
tion explained part of the low N availability in the BR char. 
However, both in the SS_C and BR chars, retention of N 
may have occurred via surface precipitation and complex 
formation making the N scarcely available.

In previous studies, release of N has mainly been exam-
ined through salt extraction of the loaded chars [22, 26, 30, 
50]. In the majority of cases, very small amounts (< 1%–ca. 
5%) of the retained N was released but high releasing ratios 
of 40–70% have also been observed [30, 50]. Kocatürk-
Schumacher et al. [31] conducted a pot experiment with 
ryegrass to examine the plant availability of N enriched in 
wood-based biochar and recorded an apparent N recovery of 
merely roughly 10%, which was attributed to high N reten-
tion. Clearly major differences in the strength of N reten-
tion occur between chars and both the sorption and release 
capacities need to be assessed while estimating the feasibil-
ity of different chars as N carriers.

Fig. 3  The ryegrass N uptake response curve to mineral fertilizer-
N calculated over four consecutive harvests in a pot experiment. 
The mineral-N equivalents of N enriched chars (application rate 
1125 mg N  pot−1) are determined from the response curve according 
to the N uptakes obtained. The values are mean estimates with ± 95% 
confidence intervals. Statistically significant differences among the 
uptake values are denoted with different letters (p < 0.05)

Fig. 4  The apparent N recovery values of the total N added in the 
aboveground ryegrass leaf biomass over four consecutive harvests. 
The values are mean estimates with + 95% confidence intervals. Sta-
tistically significant differences between the N sources within cuts are 
denoted with different letters (p < 0.05)
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Due to the observed strong retention of the added N, N 
enriched chars have been proposed as slow-releasing fer-
tilizers in several studies [e.g. 19, 28, 50]. However, the 
exhaustive four consecutive harvests collected in the cur-
rent study showed no slow-release characteristics for any 
of the chars (Fig. 4). On the contrary, the available N ran 
out fastest in the BR and SS_C chars with the lowest total 
N supply. Therefore, any possible slow release of the char 
recalcitrant N cannot be considered to hold any true agro-
nomic fertilizer value.

Practical Considerations on the Production 
and Fertilizer Value of N Enriched Chars

In the current study, differences in the capacity of the chars 
derived from contrasting feedstocks (sewage sludge, wood, 
manure, coal) to retain added N were minor, but signifi-
cant differences were observed in their ability to release the 
loaded N. Previous studies indicate major differences in both 
characteristics and evidently the processes of sorption and 
release are governed by multiple factors and no single feed-
stock type or process condition can yet be generally identi-
fied as superior.

The current, rather typical rate of maximum N loading, 
limited to roughly 5 g N  l−1 char, is small from an agricul-
tural fertilizer point of view. In crop production, N fertiliza-
tion levels of around 100 kg N  ha−1 are typically used per 
crop. To supply this amount of loaded N using the studied 
chars, addition levels of 25–50  m3 or on a mass basis (dry 
weight) ca. 30 t of SS char, 10 t of SA, 5 t of BR and 15 t 
of LG85 would be needed. For chars exhibiting restricted 
N release, as shown for the BR and SS chars in the cur-
rent study, the amounts would need to be roughly doubled 
to reach desired plant-available levels. In the case of chars 
produced from feedstocks rich in nutrients or metals (BR, 
SS), the application rates are limited due to these loads. Kes-
kinen et al. [9] reported that an addition of merely 1 t BR 
char  ha−1 would supply 30–35 kg total P. In the SS-based 
chars the amount of P may exceed that of chars derived from 
animal manure and the high heavy metal contents, though 
mainly non-bioavailable, need to be accounted for [52]. 
These chars might thus be feasible N carriers only under 
low-N demand, namely in landscaping or long-lasting grow-
ing media dedicated to decorative perennials in urban areas. 
However, an observable slow release of N would be desir-
able in these applications.

Of the studied chars, only the woody SA, with low inher-
ent nutrient and metal contents which would not restrict high 
application dosages could be used to supply agronomically 
sufficient amounts of N. The high addition of recalcitrant 
carbon introduced with a high SA application would also be 
beneficial considering the C sequestration, but obviously this 
kind of product would not be appropriate for frequent use. 

Although the N retention capacity of the SA char was not 
the highest attained, the N captured was readily plant avail-
able but sufficiently attached to avoid gaseous losses if the 
moist material would be dried to facilitate transportation and 
storage. However, the effects of drying on the availability of 
added N is not known. Due to the easy release of N from the 
moist char, the SA char could also provide N only for one 
growing season or for a single crop.

A major motivation for the char N enrichment, besides 
increasing the value of the char as a bio-based fertilizer, is 
the anticipated double benefit arising from the first step of 
wastewater purification in the cascade use of chars. Typi-
cally, the  NH4-N removal percentage is high, even up to 
90% in solutions with low initial  NH4-N concentration, but 
the removal percentage tends to decrease to < 20% as the 
solution  NH4-N concentration increases, although the total 
amount of N adsorbed increases with an increase in the 
solution  NH4-N concentration [23, 30, 33]. In the current 
study, the maximum removal of around 20% of the N in a 
solution containing 400 mg N  L−1 was attained using a 1:10 
char to solution ratio. Considering industrial wastewater, 
this concentration is not exceptionally high. Due to the lim-
ited adsorption capacity of the studied chars, the available 
sorption sites are saturated quickly, and large char volumes 
would be needed for efficient enough water purification [47]. 
From a practical point of view, exceptional chars with a mul-
tiple adsorption capacity in comparison to the chars of this 
study would probably be needed for the economic produc-
tion of bio-based fertilizer chars enriched with  NH4-N.

Conclusions

Differences in the N retention capacity of chars derived from 
sewage sludge, Salix wood, broiler manure, and coal were 
small in relation to agronomic efficiency. The amounts of 
total  NH4-N retained within moist chars, including both 
directly adsorbed N and that present as free ions in solution 
retained within and between char particles increased with 
an increase in the N solution concentration, reaching 2–4 g 
 L−1 char at a solution concentration of 5000 mg  NH4-N  L−1. 
The corresponding direct adsorption capacity was limited 
to 0.5–2 g N  L−1 char. The N release differed significantly 
between the studied chars. In four consecutive harvests, the 
apparent N recovery was 67, 47 and 34% for the added N in 
SA, BR, and SS_C chars, while the mineral N equivalences 
were 89, 62 and 43%, respectively. No slow-release of N was 
observed for any of the chars. Highly alkaline chars probably 
carrying free  NH4

+ ions were prone to gaseous losses of N 
upon drying. From an agronomic point of view, the amounts 
of N retained within the chars were small. Accounting for 
the inherent nutrient and metal contents of the chars depend-
ent on the feedstock material, only the SA char could be 



6832 Waste and Biomass Valorization (2021) 12:6823–6833

1 3

applied in the volumes needed to supply sufficient amounts 
of N for crop production, but such high volumes are inap-
propriate for frequent use. As true fertilizers, the current 
N enriched chars can merely complement the principal N 
sources. Chars with a higher N retention capacity would be 
needed for an efficient cascade from water purification to 
fertilizer use.
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