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Abstract Forest regeneration operations increase
the concentration of nitrogen (N) in watercourses
especially outside the growing season when tradi-
tional biological water protection methods are ineffi-
cient. Biochar adsorption-based water treatment could
be a solution for nutrient retention. We studied the
total nitrogen (TN) and nitrate—nitrogen (NO;™-N)
adsorption—desorption properties of spruce and birch
biochar. The adsorption test was performed under
four different initial concentrations of TN (1, 2, 3, and
4 mg L") using forest runoff water collected from
ditch drains of boreal harvested peatland. The results
showed that the TN adsorption amount increased lin-
early from the lowest to the highest concentration.
The maximum adsorption capacity was 2.4 and 3.2
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times greater in the highest concentration (4 mg L)
compared to the lowest concentration (I mg L™!) in
spruce and birch biochar, respectively. The NO; —N
adsorption amount of birch biochar increased linearly
from 0 to 0.15 mg NO; —N g biochar™" when the
initial concentration of NO;™-N increased from 0.2
to 1.4 mg L™'. However, in spruce biochar, the ini-
tial concentration did not affect NO; —N adsorption
amount. The results indicate that concentration signif-
icantly affects the biochar’s capacity to adsorb N from
water. The desorption test was performed by adding
biochar extracted from the adsorption test into the
forest runoff water with low TN concentration (0.2
or 0.35 mg L™!). The desorption results showed that
desorption was negligibly small, and it was dependent
on the TN concentration for birch biochar. Therefore,
biochar can be a complementary method supporting
water purification in peatland areas.
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1 Introduction

Leaching of N from drained peatland forests is
remarkably higher (Nieminen et al., 2017) than from
upland forests (Finér et al., 2021), and especially for-
est regeneration in peatlands imposes a threat to the
quality of surface waters (Nieminen et al., 2005).
Hytonen et al. (2020) estimated that 700,000 ha of
peatland forests will reach regeneration age within the
following 10 years in Finland, which is an increasing
challenge for water protection. Large varieties of dif-
ferent water protection methods, such as sedimenta-
tion pits, sedimentation ponds, and peatland buffer
areas, have been used to mitigate the nutrient export
load to watercourses (Kalvite et al., 2019; Mart-
tila & Klgve, 2010), but all these are rather ineffec-
tive in reducing dissolved nutrient export loads par-
ticularly outside the growing season (Joensuu et al.,
2002; Liljaniemi et al., 2003; Nieminen et al., 2005).
Therefore, additional water purification methods are
needed. Methods based on adsorption can be suit-
able for this purpose, as they are capable of eliminat-
ing both organic and inorganic pollutants from water
also outside the growing season (Battas et al., 2019).
Adsorption-based water purification methods have
been shown to be effective in the treatment of munici-
pal wastewaters and urban and agricultural runoff
(Singh et al., 2018).

Biochar has been shown to be an effective adsor-
bent (Laird et al., 2010; Jin et al., 2016; Wang et al.,
2015; Liu et al., 2020; Saarela et al., 2020). Biochar
is formed when organic material is heated under lim-
ited oxygen concentration in the pyrolysis process.
Biochar is stable, highly aromatic, and carbon-rich
material (Beesley et al., 2011; Gaunt & Lehmann,
2008), and its adsorption capacity is based on high
porosity, large specific surface area (Accardi-Dey
& Gschwend, 2003; Kookana, 2010), and surface
charges (Li et al., 2015; Liu et al., 2020; Mohan et al.,
2014). The adsorption capacity of biochar varies with
the properties of the raw materials, the pyrolysis tem-
perature, and other manufacturing parameters (Liu
et al., 2020).
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Adsorption-based water protection has several
challenges. A characteristic feature of nutrient export
from forest areas is high water volume and concentra-
tion that is rather low compared to that in wastewater
or in agricultural and urban runoff waters (Oliveira
et al., 2018), and the nutrient concentration fluctu-
ates seasonally (Mattsson et al., 2015). Therefore, the
adsorbent must recover nutrients from a rather low
concentration, high water volume, and in the pres-
ence of high dissolved organic matter concentration
and should persist the adsorption under fluctuating
nutrient concentrations. It has been reported that the
adsorption amount increases with increasing ele-
ment concentration in water (Ahmadvand et al., 2018;
Saarela et al., 2020). This implies that the adsorption
amount is improved when the runoff nutrient con-
centrations increase in the seasonal cycle. However,
less attention has been paid to investigate the effect of
decreasing concentration on the possible desorption
of N compounds. Desorption occurs when adsorbed
nutrients are released from the surface of biochar.
Knowing the desorption of the recovered N is cru-
cially important when biochar is applied as a water
protection tool. Only a few studies before have exam-
ined the utility of biochar in peatland forest areas
(Kakaei Lafdani et al., 2020; Saarela et al., 2020),
and according to our knowledge, this is the first study
to address the N adsorption—desorption processes in
peatland runoff water. The current experiment was
conducted to examine the effect of N concentration
on the adsorption—desorption behavior of spruce and
birch biochars in the water collected from a ditch
draining a clear-cut peatland forest area. The main
objectives are as follows:

1. To investigate the effect of TN concentrations in
water on the adsorption amount

2. To determine adsorption kinetics under different
TN concentrations in water

3. To quantify the desorption amount of recovered
TN in birch and spruce biochar

2 Materials and Methods
2.1 Study Site and Water Collection

The study site is located in Heinivesi, in Eastern Fin-
land (62°29'56.0"N, 28°35'56.0"E). The mean annual
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temperature and precipitation in the area are 3.6 °C
and 638 mm, respectively. The site was a drained fer-
tile spruce fen that was clear-cut in August 2018. In
the clear-cut, a total of 319 m® (124 m? ha™") Norway
spruce (Picea abies Karst.) and 239 m? (93 m? ha™")
silver birch (Betula pendula Roth.) were harvested.
The total catchment area was 31.72 ha, and the area
of 2.57 ha was clear-cut. The depth of the peat layer
was 0.5-0.7 m, and it was underlain by clay.

Water for the adsorption and desorption laboratory
experiments was collected from a ditch that drains the
clear-cut area. The water was collected outside the
growing season (November 2019) when the TN con-
centration was 4.6 mg L™, Water was stored at+4 °C
before the experiments.

2.2 Biochar Properties

We used commercial biochar (Carbofex Ltd, Tam-
pere, Finland) manufactured from Norway spruce
(Picea abies L. Karst.) and silver birch (Betula pen-
dula Roth) wood chips. The characteristics of bio-
chars are shown in Table 1. Electrical conductivity
(EC) and pH of biochars (on a 1:2.5 v:v biochar/water
solution) were measured using WTW pH/cond 3401
and WTW pH 340 sensors (WTW GmbH, Weilheim,
Germany), respectively. N concentrations of biochars
were analyzed with an elemental analyzer (Vario
Max CN elemental analyzer, Elementar Analysen-
systeme GmbH, Germany). The specific surface
area was measured using the N, adsorption method
(Micromeritics Flowsorb II 2300, 1986).

Table 1 Characteristics of the spruce and birch biochars. Val-
ues are mean (+SD)

Spruce Birch
Particle size (mm) 4-6 4-6
Pyrolysis temperature (°C) 600 °C 600 °C
Electric conductivity (uS cm™)) 221 (15) 163 (3)
(1:2.5 v:v biochar/water solu-
tion)
pH (1:2.5 v:v biochar/water 9.25(0.01)  9.75(0.02)
solution)
Specific surface area (m* g™') 320 260
N% 1.19 (0.09)  1.39(0.15)
C% 79.07 (0.83) 80.00 (0.05)
C:N ratio 66.9 (5.51) 58.2(6.38)

Dry matter (%) (105 °C, 48 h) 72.6% (2.74) 81.0% (1.86)

2.3 Adsorption Experiment

To study the effect of N concentrations on the
adsorption, runoff water was diluted to concentrations
of 1, 2, 3, and 4 mg L' TN by adding Milli-Q water
(Appendix, Fig. 7). Before the experiment, the water
temperature was allowed to stabilize to+21 °C. Five
grams (dry mass) of spruce or birch biochar was added
to 1 L of runoff water. Each concentration contained
three biochar replicates and one blank control without
biochar. The jars were covered with aluminum foil
and placed on a platform shaker (New Brunswick™
Innova® 2300, Eppendorf Nordic A/S, Denmark).
Glass jars were shaken at 110 rpm for 10 days, and
30 mL water sample was taken from each jar at the
following points of time: 0, 2, 5, 25, 48, 72, 125, and
173 h from the beginning of the experiment. The water
samples were filtered through a filtration assembly
with Whatman GF/F glass microfiber filters (pore size
0.45 pum, GE Healthcare Bio-Sciences, Marlborough,
MA, USA) and stored at+4 °C until further analysis.

TN concentrations were determined with multi N/
C® 2100 (Analytik Jena AG, Jena, Germany). The
concentrations of NO; =N and NH,*-N were deter-
mined colorimetrically applying the methods by
Miranda et al. (2001) and Fawcett and Scott (1960),
respectively.

N adsorption amount (Q, ;) to biochar was com-
puted from the observed concentration change in the
water (Eq. 1):

n
(Cinipvini) - Zz:ini(ct—lp - Cfp)vt—l,t
A, = M

Myiochar

where A, , is the cumulative adsorption amount of
substance p (p=TN, NO;"—N, NH,*-N) in mg (g’
biochar), ¢;y; , is the initial concentration of substance
p (mg L7, v, . is the water initial volume (L), c, 18
the concentration of substance p in time ¢ (mg LY,
¢,_1 » is the concentration of substance p in time 7—1
(mg LY, v, _ 1+ 18 water volume at a time interval
from t—1 to ¢ (L), and my;,,, 1S the dry mass of bio-
char in the jars.

The effect of the initial TN concentration on the
TN adsorption for birch and spruce biochar was stud-
ied using the cumulative adsorption amount of TN at
the end of the experiment (A,,3,) using linear mixed-
effect models. Biochar type was used as fixed effects,
replicates were considered random effects, and the
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independent variable was the initial concentration.
The model was formulated as follows:

A pi = 0+ By iCinipi + €1 2)

where A3, represents the adsorption amount of
substance p (TN, NO; -N) to the biochar i (Bb, Sb,
unit mg g‘1 biochar) at time 173 (h), a,,; and j3,; are
fixed parameters for substance p and biochar i, Cyy ),
is the initial concentration (mg L~!) for substance p.
€,; 1s a residual term for substance p and biochar i and
replicant j with the expectation value of 0. The per-
formance of the model was expressed as information
criteria (AIC, BIC, -log likelihood, RMSE, and Rz).
Adsorption kinetics (adsorption rate and maxi-
mum adsorption capacity) were determined by fitting
a commonly used integral form of pseudo-first order
(Eq. 3) and pseudo-second order (Eq. 4) adsorption
models (Largitte & Pasquier, 2016) to the data.

Ap = Qmax,p(1 - e_kadlp't) (3)
k20, !
e E o “
1+ kad2ijax1t

where A, is the cumulative adsorption of substance
p (TN, and NO,"-N mg g~! biochar) at time # (h).
ka1, 1s the adsorption rate in pseudo-first order
model (h™") and ka2, in pseudo-second order model
(mg ¢! h7h). Omax1p and Oy, are the maximum
adsorption capacity at equilibrium (mg g~' biochar)
for substance p.

2.4 Desorption Experiment

We studied the desorption of TN in a two-stage
experiment consisting of adsorption and desorption
phases (Appendix, Fig. 8). In the adsorption phase,
we stirred 5 g of birch and spruce biochar with 1 L of
runoff water in four different TN concentrations and
three replicates. The runoff water with the original TN
concentration of 4.6 mg L™ was diluted with Milli-Q
water to approximate concentrations of 1 mg L™!, 2 mg
L L3 mg L7! and 4 mg L~! of TN. The duration of
the adsorption phase was 72 h. At the beginning and at
the end of the adsorption phase, the TN concentration
of water was determined, and the amount of adsorbed
TN (Ary) to the biochar was calculated using Eq. 1. The
biochar was filtered and divided into two samples with

@ Springer

a mass of 2.5 g. For the desorption phase, the biochar
samples were placed into glass bottles and stirred with the
runoff water diluted to 0.2 mg L' and 0.35 mg L™ using
Milli-Q water in 250-mL total volume. The bottles were
shaken at 110 rpm for 9 days; after which, water samples
were taken and the TN concentration was analyzed. The
desorption amount was calculated as follows:
D, = (Cend—Cini)V )
Mpiochar
where D, is TN desorption amount for biochar i (Bb, Sb)
in concentration ¢ (0.20 and 0.35 mg L™"), ¢, is solu-
tion TN concentration at the end of desorption phase (mg
L™, ¢, is the solution TN concentration at the begin-
ning of the desorption phase (mg L"), v is the solution
volume (L), and ;. 1S the biochar mass in the bottle.
The effect of the initial TN concentration on the
TN desorption amount for birch and spruce biochar
was examined by the cumulative desorption amount of
TN at the end of the experiment (D,,4,) using linear
mixed-effects models (Eq. 6). Biochar type, replicates,
and the initial concentration were considered fixed
effects, random effects, and the independent variable,
respectively, as follows:

D216,i =a+ Ag + (ﬁ + ﬁS)Xini,,i + e,ij (6)

where D,,¢ ;, represents the desorption amount of TN
to the biochar i (mg g_l biochar) at time 216 (h), a
and f are fixed parameters for birch biochar, ag and
Py are fixed parameters for spruce biochar expressed
as the difference from the birch fixed parameters, and
X, is the initial concentration (0.2 and 0.35 mg L")
for TN. In the case of birch biochar, a; and fg are
zero. The amount of adsorbed TN at the end of the
adsorption phase of the desorption experiment (mg
g_l biochar), and € is a residual term for TN in bio-
char i and replicate j with an expectation value of 0.
The performance of the model was reported as infor-
mation criteria (AIC, BIC, -log likelihood, RMSE).

3 Results
3.1 Adsorption Experiment
3.1.1 Total Nitrogen

In the adsorption experiment, the TN concentrations in
the birch biochar treatments decreased to 0.45 mg L™/,
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0.99 mg L1, 1.60 mg L', and 2.14 mg L! when the
initial concentrations were 1 mg L™, 2 mg L™!, 3 mg
L7, and 4 mg L7, respectively (Fig. 1). Whereas
for the spruce biochar, the TN concentrations were
0.52mg L™, 1.13 mg L', 1.77 mg L™, and 2.45 mg
L~! at the end of the experiment for initial concentra-
tions of 1 mg L™, 2 mg L™!, 3 mg L™!, and 4 mg L™},
respectively (Fig. 1). The concentration decrease dur-
ing the experiment indicated the adsorption of TN.
Adsorption of TN was detected in all biochar
treatments, and the adsorption amount during the
experiment depended on the initial TN concentration
(Fig. 2, Eq. 2, Table 2). Adsorption amount increased
linearly from 0.05 to 0.2 mg TN g~' biochar for
spruce and from 0.07 to 0.3 mg TN g~! biochar for

birch (Fig. 2). Birch biochar adsorbed more TN than
the spruce biochar (Table 2).

The adsorption kinetics of TN were calculated based
on the concentration differences between consecutive
water samplings (Table 3). There was rapid adsorp-
tion over the first few days; after which, the adsorption
slowed down (Fig. 3). The initial concentration and
type of biochar did not affect k4 (Table 3). O, Was
increased with the increasing initial TN concentration.
According to the pseudo-first order and second order
models, the Q.. was about 3—4 times and 2 times
higher for initial concentrations of 4 mg L™! and 1 mg
L™, respectively. Birch biochar had a higher Q,,, than
spruce biochar (Table 3). The adsorption process was
more consistent in the higher concentrations (Fig. 3).

Fig. 1 Mean (+SD) TN 40 Birch 4.0 Spruce
concentrations in water with — 1mglL7? — 1mglL?
init]ial concenltrations 1 r]ng 351 | — 2mglL™?t 36 —=Smg
L™ 2mgL " ,3mgL™", — 3mgL™? — 3mglL?
and 4 mg L™" in birch and — — 4mgL™? 55 — 4mgL™?
spruce biochar treatments 7, ' 7, '
during the 173-h experi- 25 25
ment E 5
£20 g 20
e =
] \ 8
§ 1.5 ,//\ § 15
=z =z
= =
1.0 1.0
SESSEssss e
0.5 S 05
00 50 100 150 0055 50 100 150
Time, h Time, h
Fig. 2 TN adsorption 0.40
amount during the experi- o Birch
ment for birch and spruce © 0.35¢ Spruce
biochar as a function of 8 .
initial TN concentrations. 5 0.30 Birch
Dashed lines represent 7 e Spruce
TN adsorption during > 0.25
173 h predicted by the =
linear mixed-effects model E 0.20 s f
(Table 2) o o2
5 0.15 > —¢
-
?
3 0.10 -
< e
>
g 0.05 e
0.00
0 1 2 3 4

TN Concentration mg L1
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Table 2 Parameter estimates, standard errors of the mean,
degrees of freedom, p-values, and performance criteria of lin-
ear mixed-effect models for TN (Eq. 2)

Value Std. error DF  p-value
a 0.015 0.008 19 0.050
Bas 0.069 0.003 19 <0.001
B 0.054 0.003 19 <0.001
RMSE (mg TN 0.014 - - -
g biochar™!)
AIC —94.140 - - -
logLikelihood 52.070 - - -
F-value 194.26 - - -
Residual 0.016 - - -

Bold values are statistically significant.

3.1.2 Inorganic nitrogen

The initial NO;™-N concentrations were 0.3, 0.67,
0.98, and 1.31 mg L™! in the treatments where the
initial TN concentrations were 1 mg L2 mg L,

3 mg L7}, and 4 mg L™, respectively. The NO,™—N
concentration in the birch biochar treatments
decreased to 0.041 mg L™!, 0.59 mg L™!, 0.54 mg
L7, and 0.64 mg L~! (Fig. 4). For the spruce bio-
char, the NO; -N concentrations were 0.02 mg L,
0.22 mg L™!, 0.92 mg L7}, and 1.06 mg L™" at the
end of the experiment (Fig. 4). The NO; -N con-
centration decreased during the experiment indicat-
ing adsorption of NO; —N. The decrease in NO; —N
concentration was most evident for the birch biochar
with an initial TN concentration of 4 mg L~! (Fig. 4).

For the birch biochar, the adsorption amount
of NO; N increased linearly from O to 0.15 mg
NO;™-N (g‘1 biochar) when the initial concentra-
tion of NO;™-N increased from 0.2 to 1.4 mg L™
(Fig. 5, Table 4). However, in spruce biochar, the
initial concentration did not affect NO;™—N adsorp-
tion (Fig. 5, Table 4).

The concentrations of NH,*-N were below the
detection limit (0.02 mg L™!) throughout the experi-
ment; and therefore, it was not possible to examine

Table 3 Parameter

. Biochar Model Parameter Initial concentration (mg LY
estimates of pseudo-first
order and pseudo-second 1 2 3 4
order models for TN in
different treatments Birch Pseudo-first order kad, (h_l) 0.017 0.015 0.022 0.024
QOmax, (mg g h 0.059 0.120 0.140 0.190
Pseudo-second order kad, (mg hh 0.190 0.130 1.050 0.820
Omax, (mg g™ 0.079 0.140 0.120 0.170
Spruce Pseudo-first order kad, (™ 0.038 0.033 0.027 0.170
Omax, (mg g™ 0.051 0.084 0.110 0.120
Pseudo-second order kad, (mg hh 1.490 0.750 0.350 1.400
QOmax, (mg gh 0.054 0.089 0.120 0.130
025 Birch 025 Spruce
== lmgl™ e == 1lmgl™
-= 2mgl” /,-—".‘__ -= 2mgl”
0201 __ 5p00 //,——‘ . 0201 __ 5.0, °
i -= 4mglt /,r’ b4 -= 4mgl™ -
I} L £ osd .
g PP R I L e T Se—
—————— Q > - ————
o F A g T e M
g 0101 o 0.0 @ .7 i @ 010 P PRI, R
/ -~ e | P . oy °
P e T e P — I ® g
008 @l bW i = oos| o, X - o e o
//’/',.’__,—-.’— (Y ,,r,/‘.—” [ ]
ooe 3 e
0.00 ! — . ; . . ; : 0.00 L= , : ; : . , .
0 b3 50 75 100 125 150 175 0 b 50 75 100 125 150 175
Time, h Time, h

Fig. 3 Adsorption of TN for birch and spruce biochars with different initial TN concentrations in water. The dashed lines represent

pseudo-first order adsorption model (Eq. 2)
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Fig. 4 Mean (+SD) 3.0 Birch
nitrate—nitrogen (NO;™—N)

concentration in water with

initial total nitrogen concen- 2.5
trations of 1 mg L™}, 2 mg
L7, 3mgL™!, and 4 mg
L~! for birch and spruce
biochar treatments during
the 173-h experiment

2.0

1.5

1.0

NO;3-N Adsorption mg g~ biochar

'0.5 \/\

Spruce
3.0 P
— 1mgtL™? 1mgL-?
— 2mglL? — 2mglL?
—— 3mgL™? 2.5 — 3mglL?

1 1.
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1.5

1.0

< 0.5 i

NO3-N Adsorption mg g~ biochar
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150 el 0 50 100 150

0 50 100
Time, h Time, h
Fig. 5 NO; N adsorption 0.4
amount for birch and spruce © Birch
biochar as a function of.ini— § ________ Spruce
tial NO;™—N concentrations. 5 0.3 Birch
Dashed lines represent the o !
adsorption amount at 173 h o e Spruce
(Ay73n) g 0.2 .
<
.©
o
g 0.1 .
8 °
ke L] )
< L -t
z 007 =i i
o - IC .
2 ] [ ]
_O'-ll).O 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

the concentration changes and adsorption param-
eters for NH,"-N.

3.2 Desorption Experiment

In the adsorption phase, biochar was shaken in initial
TN concentrations of 1 mg L™}, 2 mg L™!, 3 mg L7},
and 4 mg L~!: after which, the biochars were trans-
ferred to lower TN concentrations (0.2 and 0.35 mg
LY to study the desorption. TN desorption amount of
birch biochar depended on the initial TN concentration
in the adsorption phase, and the desorption was signifi-
cantly different between the spruce and birch biochar
(Table 5A, B). In 0.35 mg L~!, the (Table 5B) spruce
kept adsorbing TN also during the desorption phase
of the experiment indicated by the negative values of

NO3-N Concentration mg L~!

Table 4 Parameter estimates, standard errors of the mean,
degrees of freedom, p-values, and performance criteria of lin-
ear mixed-effect models for NO;™—N

Value Std.error DF  p-value

a -0.013 0.035 19 0.710
By 0.107 0.038 19 0.011
Bsp 0.017 0.049 19 0.720
RMSE (mg 0.069 - - -

NO;-N g

biochar™!)
AIC —33.700 - - -
logLikelihood 21.850 - - -
F-value 6.340 - - -
Residual 0.074 - - -

The bold value is statistically significant.
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desorption amount (Fig. 6B). Birch biochar had a pre-
dominantly higher TN desorption amount when the TN
concentration was higher than 1.8 mg L™! (Fig. 6A,
B). The birch biochar desorption was associated with
the TN adsorption in smaller initial concentrations
(Fig. 6C). Birch biochar released TN for adsorption
higher than 0.04 mg g~! biochar (Fig. 6C, 6D). The
desorption difference for spruce biochar was not sig-
nificant in smaller and higher concentrations (Table 5C,
D, Fig. 6). TN desorption amount of birch biochar was
associated with the TN adsorption (Table 5C, D). For
spruce, the TN desorption amount in 0.2 mg L™! was
very low (Fig. 6A, C). The desorption process was more
consistent for birch biochar in both 0.2 and 0.35 mg L™!
(Fig. 6). This suggests that the desorption process was
dependent on the initial concentration.

4 Discussion

The current study showed that birch and spruce bio-
char effectively adsorbed TN and NO; —N in forest

Table 5 Parameter estimates, standard errors of the mean,
degrees of freedom, p-values, and performance criteria of
linear mixed-effects models for TN desorption (Eq. 6) in the
concentration of 0.2 mg L7! treatments (left: A and C) and

runoff waters. Our results support previous studies by
Saarela et al. (2020) and Kakaei Lafdani et al. (2020).
The adsorption amount of spruce and birch biochar
increased with the increasing TN concentration in water
(Figs. 2 and 3), which is probably due to the increased
N availability in the solution and increased TN con-
centration gradient along the flow path from the solu-
tion to external surfaces and finally to internal surfaces
of biochar (Lagritte & Pasquier, 2016; Ahmadvand
et al., 2018). The results are consistent with the results
obtained by Ahmadvand et al. (2018) and Saarela et al.
(2020), showing that with an increase in the initial N
concentration of the solution, the adsorption amount of
biochar tends to increase. The low initial concentrations
of NH,*-N (<0.02 mg L") was the reason why we
could not determine the adsorption parameters for this
compound, but based on the literature, it is known that
biochar is an effective adsorbent for NH,*-N (Wang
et al., 2015; Takaya et al., 2016; Yin et al., 2017). The
surfaces of carbon-based materials are generally nega-
tively charged (Krishnan & Haridas, 2008; Yao et al.,
2011), which is thought to make them poor adsorbents

0.35 mg L~! treatments (right: B and D). The parameters a and
p represent birch biochar and the parameters for spruce biochar
are obtained as (a+ay) and (6 + fg)

A Value Std. error DF  p-value B Value Std. error DF  p-value
—-0.003 <0.001 18 <0.001 —-0.003 <0.001 18 0.003
a, 0.004 <0.001 18 <0.001 a 0.001 <0.001 18 0.370
p 0.001 <0.001 18 <0001 p 0.002 <0.001 18 <0.001
Ps —-0.001 <0.001 18 <0.001 gy -0.001 <0.001 18 0.007
RMSE 0.001 - - - RMSE 0.001 - - -
AIC —209.967 - - - AIC -187.107 - - -
logLikelihood 110.983 - - - logLikelihood ~ 99.553 - - -
F-value 39.88 - - - F-value 22.739 - - -
Residual 0.001 - - - Residual 0.001 - - -
C Value Std. error DF  p-value D Value Std. error DF  p-value
a —-0.001 0.001 18 0.150 a —-0.002 0.001 18 0.290
a 0.002 0.001 18 0.040 a 0.001 0.001 18 0.740
p 0.040 0.014 18 0.020 p 0.039 0.019 18 0.060
Ps -0.037 0.021 18 0.110 Ps -0.04 0.028 18 0.170
RMSE 0.001 - - - RMSE 0.001 - - -
AIC —198.781 - - - AIC —-187.278 - - -
logLikelihood 105.390 - - - logLikelihood 99.643 - - -
F-value 0.004 - - - F-value 0.002 - - -
Residual 0.001 - - - Residual 0.001 - - -

Bold values are statistically significant.
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Fig. 6 TN desorption amount for birch and spruce biochar treatments and initial TN concentration of 0.2 mg L™! (left) and 0.35 mg

L~! (right)

of negatively charged ions. Also, positively charged
ions attached to the biochar surface increase the adsorp-
tion of anions with electrostatic interactions (Premar-
athna et al., 2019). In our experiments, the adsorption
of NO; "N (Table 4, Fig. 5) took place which indicates
that biochar is capable of adsorbing anions, which is
consistent with the results of Chintala et al. (2013) and
Cai et al. (2016). In general, adsorption of ions onto
the biochar surfaces can be categorized into 4 differ-
ent classes: precipitation (salt precipitation), chemical
adsorption (chemical reaction with surface functional
groups), physical adsorption (entrapped in the solution
present in interior pores), or electrostatic adsorption
(cation or anion exchange to charged functional groups
on biochar surfaces) (Fidel et al., 2018; Haider et al.,
2016; Noel et al., 2007). Biochar’s capacity to adsorb
NO; N is often attributed to its high surface area and
porosity and positively charged functional groups (Fidel
et al., 2018). NO; —N adsorption has been shown
to increase with increasing biochar pyrolysis tem-
perature and decreasing pH, likely reflecting an anion
exchange adsorption mechanism (Fidel et al., 2018).
Previous studies have reported mixed results about the
biochar capacity to adsorb anions. Some studies have
shown that biochar also effectively adsorbed NO; —N
(Ahmadvand et al., 2018; Chintala et al., 2013) through

its numerous functional groups, such as carboxylic,
hydroxyl, lactone, and ketone groups (Cai et al., 2016).
Chintala et al. (2013) reported that with decreasing lig-
uid pH, biochar can adsorb more NO; —N because due
to protonation reaction, the biochar surfaces become
more positively charged. However, when the solution
contains high concentrations of other anions, the com-
petitive adsorption decreases the adsorption of NO; N
(Chintala et al., 2013).

Nevertheless, the inability or weak ability of bio-
char to adsorb N compounds has been reported as
well (Hollister et al., 2013). Yao et al. (2012) reported
that among 13 different kinds of biochars, only 2
types of biochars were able to adsorb NO; -N. Gai
et al. (2014) showed some NO; —N was even released
from the biochar. The inconsistency among the results
can be explained by various preparation conditions,
different characteristics of biochar produced from dif-
fering biomass, as well as various initial concentra-
tions of N compounds in the solution.

The interaction between the adsorbents and
adsorbates at equilibrium can be described using
kinetic models. Pseudo-first and second-order kinetic
models consider chemical adsorption mechanisms
between the adsorbate and adsorbent and provide
valuable information on adsorption rate and maximum
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adsorption capacity (Zhao et al., 2018). In the current
study, both models showed rather similar performance
against the experimental data (Fig. 3, Table 3). The
maximum adsorption capacity at equilibrium, Q...
was increased with increasing TN concentrations in
the solution. Similar results were also reported by
other researchers where maximum adsorption capacity
increased with the increasing initial concentration of N
(Milmile et al., 2011; Olgun et al., 2013). The pseudo-
first order model results showed that the adsorption
rate, k,4, of spruce biochar decreased by increasing
QOnax (Table 3). The pseudo-second order kinetic model
assumes that the rate-limiting step is the interaction
between adsorbate and adsorbent, and it is usually used
to describe chemical adsorption (Zhen et al., 2015).
According to the kinetic models’ results, the Q,..; was
about 3—4 times and Q,,., was 2 times higher for TN
concentration 4 mg L~ compared to 1 mg L.

Our results imply that birch biochar has predomi-
nantly higher Q.. than spruce biochar (Fig. 3) which
is consistent with the results obtained by Saarela et al.
(2020). Despite the higher specific surface area of
spruce biochar (320 m? g~!) compared to birch bio-
char (260 m? g71), the results demonstrated that Q.
was higher with birch biochar than spruce biochar
(Table 3). This indicates that N maximum adsorption
capacity is not exclusively dependent on the biochar
surface area (Saarela et al., 2020; Takaya et al., 2016;
Zhang et al., 2012, 2014). Q,,,. increased with the
increasing TN concentration, which can be due to N
availability in solution with higher initial concentra-
tions (Lagritte & Pasquier, 2016).

The desorption amount was significantly higher
in birch biochar than spruce biochar, which agreed
with the higher birch biochar adsorption amount. In
contrast, spruce biochar showed negative desorption
values which indicated TN adsorption instead of des-
orption. This shows that spruce biochar was not satu-
rated. TN desorption amount increased by increasing
the water TN concentration for birch biochar, which
is coherent with the results by Chintala et al. (2013).
Mechanisms behind the desorption are connected to
lower bond energy with more exchangeable ions in
water, entrapment of organic compounds in micropores
or pore deformation mechanisms (Braida et al., 2003;
Chintala et al., 2013; Dechene et al., 2014; Loganathan
et al., 2009; Zhang et al., 2010). Differences between
adsorption and desorption isotherms are also reported
by Zhu and Selim (2000).

@ Springer

Using biochar in the removal of N compounds
from runoff water in peatland forests can be diffi-
cult to predict because of the temporal variation in
TN concentrations. The current study showed that
despite the maximum adsorption of TN to birch bio-
char (0.309 mg TN g biochar™"), only 1.29% was
desorbed (0.004 mg TN g biochar™!). The amount
of released TN by the spruce biochar was only about
0.9% (0.002 mg TN g biochar™!) of maximum TN
absorbed (0.208 mg TN g biochar™!). The results
illustrated that the desorption rate of TN from spruce
and birch biochar has been negligible, which makes
biochar a promising water protection tool especially
in watersheds where the aquatic ecosystems are
exposed to high nutrient loads from peatlands.

5 Conclusions

This study examined the N adsorption and desorp-
tion behaviors of biochar in peatland forest runoff
water. Our results showed efficient adsorption of both
organic and inorganic N from peatland runoff waters.
Despite the efficient adsorption, only a small fraction
of the adsorbed TN was released through desorption
when the biochar was exposed to water with low TN
concentrations. The seasonal fluctuation of nutrient
concentrations emphasizes the need for an effective
water protection tool in peatland forestry to which
adsorption-based nutrient removal with biochar
seems to be an effective water protection tool. There-
fore, biochar provides an optional way to runoff water
purification in forested peatland areas for times when
traditional water protection methods are inefficient.
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Collecting runoff water from a ditch drained clear-cut peatland forest
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Fig. 8 Experimental design
and the flowchart of the
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