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Abstract
This work evaluated the agronomic and soil fertility effects of using municipal wastewater or anaerobically treated waste-
water for irrigation and applying biochar to a soil from the Guinea savanna agroecological zone of Ghana. For this purpose, 
untreated municipal wastewater (WW), the effluent of an anaerobic wastewater filtration system (TWW), and clean water 
(CW) were used as irrigation water in a pot trial. Additionally, rice-husk biochar in the form of raw biochar (RB), water-
washed biochar (WB), and biochar used as wastewater filter material (FB) were added to the soil, testing the influence on 
soil fertility and crop yield. Lettuce and carrot were selected for the pot study, grown on soil mixed with the biochar types 
at 20 t  ha−1 and irrigated with either WW, TWW, or CW. Our results indicated higher crop growth morphology and yields 
(up to 90% increase) by WW and TWW than CW. The average yield of carrot (34.1 g  pot−1) and lettuce (29.3 g  pot−1) with 
TWW irrigation were the highest, followed by 31.2 and 27 g  pot−1 with WW, then the lowest yields of 21.7 and 19.5 g  pot−1 
of carrot and lettuce irrigated with CW respectively. Compared to WW, TWW was more beneficial to plant development, 
causing an up to 10% increase in crop yields. Soils with FB and WB produced similar agronomic effects and plant nutrient 
concentrations but were lower than pots amended with RB. Nevertheless, combining RB with TWW showed increasing 
effects on pH, CEC, and P availability in the highly weathered acidic soil. The results suggest a beneficial effect of biochar-
filtered wastewater on soil fertility and crop growth, offering the potential to enhance resource use efficiency in irrigated 
urban agroecosystems.
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1 Introduction

Semi-arid regions, such as Sub-Saharan Africa, face chal-
lenges regarding freshwater availability for irrigation dur-
ing the dry seasons, making wastewater an option for urban 
horticulture (Helmecke et al. 2020). However, wastewater 
poses the risk of pathogen and chemical contamination, 
especially in developing countries where most wastewa-
ter is used untreated (Gallego-Schmid and Tarpani 2019). 
Over the years, several technologies have been developed to 
treat wastewater for agricultural purposes, but these options 
are sophisticated and generally expensive, thus being una-
vailable to poorly resourced farmers (Gallego-Valero et al. 
2021). Kaetzl et al. (2020) reiterated the need to localize 
the implementation of affordable on-farm wastewater treat-
ment systems for safer urban crop production to ensure 
food security and environmental quality. Besides being an 
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alternative to freshwater, wastewater primarily contains 
plant-available nutrients and becomes a reliable source of 
nitrogen and phosphorous for plant growth (Helmecke et al. 
2020). Following wastewater irrigation in semi-arid areas, 
Akoto-Danso et al. (2019) reported up to 20-fold increases in 
crop yield and improved soil properties compared to fresh-
water irrigation.

Biochar is simply a pyrolyzed organic material mostly 
produced from agricultural biomass (Lehmann and Joseph 
2015). The addition of biochar has been studied extensively 
and proven to enhance the chemical, physical, and biological 
properties of poor soils (Lehmann et al. 2011; Mitchell et al. 
2015). Increased crop yield is reported in biochar-amended 
soils by improving organic carbon, nutrient and water hold-
ing capacity, pH buffering capacity, and biological indicators 
(Häring et al. 2017; Xu et al. 2012). In acidic tropical soils, 
biochar increased the yield of amaranth (Manka’abusi et al. 
2019), maize (Frimpong et al. 2021), and cowpea (Yeboah 
et al. 2020) compared to the unamended control.

In the last decade, biochar from residual biomass also 
gained importance as a low-cost alternative to activated car-
bon for wastewater treatment (Kaetzl et al. 2020). Kaetzl 
et al. (2019a) reported an efficient removal capacity of chem-
ical oxygen demand (COD) by Miscanthus biochar in a labo-
ratory experiment comparing biochar’s performance to sand 
as a filter medium. In an extended field study using rice-
husk biochar as a filter medium, the concentration of plant-
essential phosphorus and nitrogen in the filtered wastewater 
was maintained (Kaetzl et al. 2019b). Biochar has also been 
proven effective for heavy metal reduction in wastewater by 
several studies (Fan et al. 2019). Nutrient loading on biochar 
surfaces during the filtration process is proposed by several 
studies (Foereid 2015; Mizuta et al. 2004; Pathy et al. 2021). 
However, Enaime et al. (2020) stated the potential leaching 
of dissolved mineral compounds from the biochar into the 
filtered wastewater. Agronomically, biochar-filtered waste-
water was superior to crop yield compared to the untreated 
counterpart (Kaetzl et al. 2020). Also, in a pot trial by Wer-
ner et al. (2018) testing the agronomic benefits of filterchar 
(biochar after filtration), both untreated biochar and filter-
char similarly improved aboveground biomass compared to 
unamended control.

Several studies support the adoption of biochar in waste-
water treatment technology (Dutta et al. 2021; Enaime et al. 
2020; Kaetzl et al. 2018), yet there is still little information 
regarding the agronomic importance of biochar in wastewa-
ter treatment. Hence, this study aimed to test the following 
hypotheses: (i) Biochar-filtered wastewater has more benefi-
cial effects on crop performance than untreated wastewater 
because biochar releases water-soluble nutrients, (ii) the 
nutrient depletion of the filterchar renders it less suitable for 
soil amendment than untreated biochar. This study filtered 
wastewater through a rice husk biochar medium in a simple 

on-farm water treatment system. The yield and nutrient con-
centrations of carrot and lettuce were tested under filtered 
and untreated wastewater irrigation on biochar-amended 
acidic soil.

2  Materials and Methods

2.1  Study Area

The study employed a pot study carried out in a greenhouse 
in Tamale, the northern region of Ghana (9°28′28.75″ N, 
0°50′53.48″ W) (Fig. 1). The site is in the Guinea savanna 
zone, characterized by semi-arid climatic conditions. The 
rainfall pattern is monomodal, which occurs between April 
and October. The daily mean temperature is 28.9 °C, and the 
annual mean precipitation is 1090 mm.

2.2  Biochar Production and Irrigation Water 
Treatment

The biochar was locally produced from an abundant rice 
husk biomass using a modified ELSA gasifier designed 

Fig. 1  Map showing agroecological zones of Ghana (Germer and 
Sauerborn, 2008). The experimental site located in Tamale, the north-
ern region of Ghana (9°28′28.75″ N, 0°50′53.48″ W) is indicated 
with a star
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from an empty oil barrel (Steiner et  al. 2018). This 
untreated rice-husk biochar is termed raw biochar (RB) 
in this study. For wastewater purification, a low-cost and 
simple on-farm wastewater treatment system described 
by Kaetzl et al. (2018) was used for wastewater filtration. 
Briefly, the system was operated as two-stage filtration 
steps under anaerobic conditions by utilizing rice husk 
biochar as the filter medium. With a hydraulic loading rate 
of 0.05  mh−1, the filter removed up to 3  log10-units of the 
fecal indicator bacteria, 89% of the COD, and turbidity up 
to 92% (Kaetzl et al. 2019b).

The biochar filter material (filterchar) was retrieved after 
240 days and sun-dried to a constant weight. The dried bio-
char filter was then applied as an amendment material and 
referred to in this study as filterchar (FB). Water-washed 
biochar (WB) was obtained by subjecting the raw biochar 
to repeated washing with deionized water. A ratio of 1:5 
biochar and deionized water was shaken at 200 rpm for 12 
h. The content was decanted, and the process was repeated 
until the electrical conductivity (EC) was reduced by about 
95%. The washed biochar was sieved and dried at 60 °C 
until a constant weight was reached. Ash content and total 
nutrient concentration of RB, FB, and WB were determined 
(Table S1). The particle size of all the rice husk biochar 
types was below 2 mm and much smaller in the FB due 
to the pre- and post-filtration handling. The ash contents 
were 42.98%, 33.24%, and 30.05% in RB, WB, and FC, 
respectively.

2.3  X‑ray Diffraction and Brunauer Emmett‑Teller 
Analysis of Biochar

The X-ray diffraction (XRD) measurements of biochar 
were done using a D8 ADVANCE (Bruker) powder dif-
fractometer with theta-theta geometry, Cu KÎ± radia-
tion (Î» = 0.15406 nm, 40 kV, 40 mA), and an energy-
dispersive detector (LynxExe-1D). Angles from 10 to 
80Â° 2Î were measured with a step size of 0.015Â° and 
a time per step of 1.5 s. All measurements were con-
ducted at room temperature and atmospheric pressure. 
Brunauer-Emmett-Teller (BET) specific surface area 
and Barrett-Joyner-Halenda (BJH) pore size and volume 
of the biochar samples were evaluated using Autosorb 
2000 analyzer (Quantachrome NovaWin10). The samples 
were outgassed for 3 h at 130 C for pretreatment. The 
 N2-adsorption isotherms of the biochar were determined 
at 77 K with pressures (P/P0) up to 0.995 and BET at a 
relative pressure P/P0 = 0.05–0.30.

2.4  Experimental Setup and Agronomic Practice

Petroplinthic Cambisol soil (IUSS Working Group WRB 
2014) to a depth of 20 cm from the Guinea savanna of 

northern Ghana was used to conduct the pot experiment 
in a greenhouse. Initially, the soil was classified as sandy 
loam with 45.7% sand, 47% silt, and clay content of 5.9%. 
The soil contained organic carbon (SOC) concentration of 
4.1 g  kg−1, a total N content of 0.4 g  kg−1, and a cation 
exchange capacity (CEC) of 33 mmolc  kg−1 (Häring et al. 
2017). The potting soil contained 20 t  ha−1 of either RB, 
WB, or FB, thoroughly mixed and transferred to 6-L plastic 
containers. The biochar application rate was set in refer-
ence to previous studies by Häring et al. (2017) and Akoto-
Danso et al. (2019). Treatments were triplicated and laid 
in a completely randomized block design. The carrot was 
directly planted by placing five seeds in each pot. Thin-
ning-out was performed after germination, allowing a plant 
per pot to grow for 8 weeks. A 14-day lettuce nursery was 
transferred and grown for four weeks in a similar experi-
mental setup as the carrot. Without further soil amend-
ment, the lettuce cycle was repeated for another 4 weeks 
on the same treatment pot to study the treatment effect on 
the second lettuce growth cycle and to compensate for the 
8-week duration of the single carrot cycle. The potting soil 
was relatively low in nutrients, pH, and organic matter. 
Hence, each treatment pot received background chemical 
fertilization of NPK (nitrogen, phosphorus and potassium) 
15:15:15 at 102 kg  ha−1 rate, including the control pots. 
The background fertilization was done to mimic regular 
agricultural practice in tropical savanna soils at a reduced 
rate, as farmers do not grow without fertilizer. Both lettuce 
and carrot crops received a 200 ml daily dose of either 
WW, TWW, or CW.

During the second and fourth week after germination, a 
single-photon avalanche diode (SPAD; 502, Konica Minolta, 
Tokyo, Japan) was used to measure the chlorophyll content. 
The carrot root’s volume, weight, height, and core diameter 
were measured at harvest. Additionally, leaf height and head 
diameter were measured on the aboveground biomass of a 
carrot and lettuce. For further plant nutrient analysis, the 
lettuce, root, and leaf biomass of the carrot were oven-dried 
separately at 60 °C to a constant weight. Similarly, soil sam-
ples from all pots were air-dried, packaged, and transported 
to Germany for further analysis

2.5  Water Analysis

Irrigation water types were sampled twice every week and 
immediately measured for  NO3

−-N (Cataldo et al. 1975), 
 NH4

+-N (Koroleff 1983), and  PO4
−-P (Ohno and Zibilske 

1991). Light absorption at the specific wavelengths was 
measured with a UV/VIS spectrophotometer (Pharo 300 
Spectroquant, Merck GmbH, Darmstadt, Germany). Elec-
trical conductivity and pH were determined with a standard 
calibrated EC meter (Basic 20, Crison Instruments S.A., 
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Spain) and pH meter (Basic 20, Crison Instruments S.A., 
Spain) respectively. Portions of the water were acid-treated 
and transported to Germany for elemental analysis using an 
ICP-OES (Ciros CCD, SPECTRO Analytical Instruments 
GmbH, Kleve, Germany). Average plant essential nutrients 
such as  PO4

−-P,  NO3
−-N,  NH4

+-N and TOC were 3.73 mg 
 L−1, 0.88 mg  L−1, 12.97 mg  L−1, and 6.34 mg  L−1 in WW 
and 2.95 mg  L−1, 0.82 mg  L−1, 12.23 mg  L−1, and 5.01 mg 
 L−1 in TWW, respectively (Table S2).

2.6  Analysis of Soil and Plant Nutrient 
Concentration

The total nutrient concentration (Fe, Ca, Mg, K, and P) in 
soil and plant were analyzed with ICP-OES (Ciros CCD, 
SPECTRO Analytical Instruments GmbH, Kleve, Ger-
many) after microwave digestion with concentrated nitric 
acid. Dry combustion in an elemental analyzer (Vario 
max cube, Elementar Analysesysteme GmbH, Hanau, 
Germany) was used to determine total carbon and nitro-
gen concentrations. The pH of the soil was determined 
in  CaCl2 solution (1:2.5 w/v) and electrical conductivity 
by (1:5 w/v) deionized water. The available P extraction 
method described by Bray and Kurtz (1945), with an acid 
fluoride extractant in a 1:7 soil: solution ratio (w: vol) 
was used for available P in the soil. Orthophosphates 
in the solutions were determined by using the molybde-
num blue method (Murphy and Riley 1962). Exchange-
able ions  (Ca2+,  Mg2+,  K+,  Na+, and  Al3+) in soil were 
extracted with  NH4Cl by adding 10 ml  NH4Cl to 2.5 g 
soil and allowed to stay for 24 h. The content was filtered 
with Whatman paper and further percolated with  NH4Cl 
for 4 h to a volume of 100 ml before measurement with 
ICP-OES Ciros CCD, SPECTRO Analytical Instruments 
GmbH, Kleve, Germany).

2.7  Data Analysis

Significant differences of means were assessed using 
multifactorial analysis of variance (MANOVA, p < 0.05), 
considering water quality and biochar as factors. Data 
from carrot and lettuce cultivated setup were managed 
separately. A log transformation was applied to CEC, 
plant Ca, and K concentration after the Shapiro-Wilk test 
was performed to check the normal distribution of the 
dataset. Turkey’s HSD post hoc test was used to identify 
the significance level of treatments at p < 0.05. Pearson 
moment correlation was additionally performed between 
plant tissue concentration and yield. The statistical anal-
yses were carried out using R Language and Environment 
for Statistical Computing (R Core Team 2017) and figure 
created with OriginPro 2021 software (Origin Lab Cor-
poration, Northampton, USA).

3  Results

3.1  Growth Indicators and Biomass Production

Plant morphological parameters, including root dimen-
sions of carrot (Table S4), root:shoot ratio, and chlorophyll 
concentration (Table S6), showed a significant (p < 0.05) 
improvement with wastewater (treated and untreated) irriga-
tion. This resulted in increased biomass production of carrot 
(54%), first lettuce (33%), and second lettuce (62%) rela-
tive to tap water. Comparatively, biochar-filtered wastewater 
was about 10% more beneficial to plant productivity than 
untreated wastewater (Figs. 2 and 3). The root:shoot ratio 
in carrot was lowered equivalently by TWW and WW com-
pared to CW but remained unchanged in both lettuce growth 
cycles. The irrigation effect on leaf chlorophyll concentra-
tions was significant (p < 0.05) with a mean of 19.9 and 35.7 
SPAD units in carrot and lettuce respectively (Table S3). At 
an application rate of 20 t  ha−1, rice husk biochar irrespec-
tive of the quality (RB, FB, and WB) significantly increased 
the lettuce yield in the first and second cultivation periods 
(Fig. 3). In contrast to the lettuce crop, there was no biochar 
effect on the growth indicators and total biomass production 
of carrot compared to the unamended control (Fig. 3). Back-
ground fertilization with NPK at the start of the experiment 
enhanced the growth of first lettuce producing total biomass 
similar to the second lettuce that received prolonged waste-
water irrigation (Fig. 2).
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Fig. 2  Total fresh biomass of carrot after harvest. Upper and lower 
columns represent above- and below-ground biomass, respec-
tively.  Clean water (CW), treated wastewater (TWW) and untreated 
wastewater (WW) were applied as  irrigation water and  raw biochar 
(RB), filterchar (FB) and washed biochar (WB) as soil amendments. 
Letters indicate a significant difference of the means (MANOVA, p < 
0.05) after post hoc analysis. Error bars denote the standard deviation 
of the mean (n =3)
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3.2  Taproot and Leaf Nutrient Concentration 
of Carrot

At the matured stage, the leaf and root parts of the car-
rot were analyzed separately for nutrient concentration. 
Amongst the plant’s macronutrients and Fe, the concentra-
tion of Ca and K constituted about 90% of the total nutrient 
in the carrot tissues. Except for P, which was more concen-
trated in the root, all other nutrients were several folds higher 
in the leaf relative to the taproot. For instance, Ca, Mg, and 
Fe were consecutively 8-, 3- and 2-fold more concentrated 
in the leaf than in the taproot (Fig. 4). Irrigation with TWW 
did not alter the amount of N, P, and K in the carrot tissue 
but reduced Fe intake by 13% compared to WW. Within the 
various biochar types, untreated biochar (21.7 g  kg−1 K) 
had a pronounced impact on total K concentration in carrots 
compared to filterchar (18.8 g  kg−1 K) and water-washed 
biochar (19.7 g  kg−1 K). Although not significant, untreated 
biochar (RB) lead to slightly higher contents of all other 
nutrients of carrot tissues than the filter and water-washed 
biochar (Fig. 4).

3.3  Foliar Nutrient Concentration of Lettuce

In lettuce biomass, biochar and irrigation treatment had 
varying effects on nutrient concentrations in the first and 
second cropping periods. Specifically, the first lettuce Fe in 
the control soil was 0.59 g  kg−1 compared to 0.70 g  kg−1 in 
the second cropping period. However, Ca concentration was 
reduced by up to 40% in the second cropping relative to let-
tuce from the first cropping season. In a similar pattern, WW 
and TWW irrigation during the first cropping significantly 

improved the amount of K (35%), N (14%), and Mg (7%), 
while a percentage increase for K, P, N, and Mg was less 
than 10% in the second season. Biochar’s impact on lettuce 
nutrient composition was only significant in the case of K 
and Mg for both cropping seasons, even though the other 
measured nutrient were slightly increased.

3.4  Treatment and Plant Effect on Cation Exchange 
Capacity of Soil

The ability of soil to retain cations (CEC) was determined 
for both lettuce and carrot soils after 8 weeks of biochar 
application and wastewater irrigation. The various exchange-
able cations  (Ca2+,  Mg2+,  K+, and  Na+) in lettuce- (48.50 
mmolc  kg−1) cultivated soil were slightly lower than soil 
used for carrot (46.26 mmolc  kg−1) cultivation. The reduc-
tion was noticeable in  K+ (1.62 mmolc  kg−1) and  Na+ (4.55 
mmolc  kg−1) compared to  K+ (2.67 mmolc  kg−1) and  Na+ 
(3.44 mmolc  kg−1) in lettuce-cultivated soil. The pattern of 
irrigation effect on total CEC was similar for both treated 
and untreated wastewater, which were significantly higher 
than the clean water irrigated soil (Fig. 6). Amending the 
soil with biochar showed a substantial increase in  K+ (45%) 
and  Na+ (15%), contributing to a significant increase in total 
CEC compared to the unamended soil. The dominant cation 
was  Ca2+, constituting about 80% of the total CEC (Fig. 6).

3.5  Soil Chemical Parameters

After the cropping period, the soil’s pH, total N, P, K, and 
plant-available P were significantly (p < 0.05) improved 
following irrigation with wastewater (Table 1). Irrigation 
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Fig. 3  Total fresh biomass of first lettuce (A) and second lettuce (B) 
per pot. The upper and lower columns represent above- and below-
ground biomass, respectively.   Clean water (CW), treated wastewa-
ter (TWW) and untreated wastewater (WW) were applied as  irriga-

tion water and raw biochar (RB), filterchar (FB) and washed biochar 
(WB) as soil amendments. Letters indicate a significant difference of 
the means (MANOVA, p < 0.05) after post hoc analysis. Error bars 
denote the standard deviation of the mean (n =3)
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with TW and WW had a similar effect on soil chemical 
parameters. The SOC was increased by 9% in the various 
wastewater-irrigated soils but was not significantly differ-
ent to the clean water treatment. Biochar addition increased 
SOC (41%), pH (8%),  Ntot (11%),  Ktot (25%),  Ptot (5%), and 
 Pavail (20%) compared to the unamended control (Table 1). 
A statistically significant (p < 0.05) increase was however 
indicated only in SOC,  Ktot, and pH (Table 1). Biochar effect 
on soil nutrient concentration was reduced in WB and FB 
compared to the RB-amended soils. The reduction was 
apparent in the soil’s  Ktot and  Pavail concentration by 10% 
and 12%, respectively. Lettuce and carrot cultivation caused 
an alternating effect on K and P in the soil. The amount of 
K increased while P was reduced in lettuce cultivated soil, 
corresponding with the total nutrient concentration in their 
respective biomass.

4  Discussion

The concentration of essential plant nutrients in domestic 
wastewater is reported in many folds and is directly trans-
ferred to the soil (Adrover et al. 2012; Akoto-Danso et al. 
2019; Enaime et al. 2020; Kaetzl et al. 2018). These nutri-
ents contributed to an increase in total N (+20%), P (+17%), 
K (+18%), and 15% available P concentrations of WW com-
pared to CW-irrigated soil. As earlier reported by Kaetzl 
et al. (2020), plant essential nutrients were retained in TWW 
after the filtration process, leading to enhanced macronu-
trients in WW and TW-irrigated soil compared to the soils 
with CW irrigation. Domestic wastewater comprises 1% dis-
solved organic matter that alters soil carbon stock following 
long-term irrigation. These organic compounds might have 
facilitated the increased 10% SOC concentration in soils 
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irrigated with WW than CW, confirming a previous study by 
Asirifi et al. (2021b) with similar SOC inputs in soil irrigated 
with wastewater. The observed equivalent SOC in treated 
and untreated wastewater irrigated soil could be linked to the 
biochar used as a filter material. As the treatment removed 
significant amounts of suspended solids from the treated 
wastewater, leached dissolved organic components from the 
biochar and hydrolyzed organic substances under anaerobic 
conditions could have substituted the removed particulate 
organic matter (Kaetzl et al. 2020). The CEC moved from 
40 mmolc  kg−1 in CW irrigated soil to 48 mmolc  kg−1 in 
WW and TWW. Wastewater irrigation slightly enhanced 
the soil organic matter, creating more available sites for 
cation adsorption on the soil colloids’ surface (Ramos et al. 
2018). High sodium ions in wastewater might have directly 
increased the CEC in WW-irrigated soil. The exchangeable 
sodium percentage of WW irrigated soil was 8%, five-folds 
higher than CW irrigated soil, presumably resulting from 
household activities that utilize wide varieties of detergent. 
However, the soil CEC constituted over 85% divalent ions of 
 Ca2+ and  Mg2+ (Fig. 6), which has a high affinity to the sur-
face of soil colloids and therefore displace the monovalent 
sodium (Yan and Hou 2018). This is indicated by the low 
electrical conductivity of the soil, suggesting a low potential 
risk of salination by  Na+ even in a long period of wastewater 
irrigation (Hadi and Karimi 2012).

Fundamentally, biochar is a stable carbon material and 
may differ in functions depending on many properties, 
including biomass type, application rate, and soil quality. In 
the tropical savanna soil with low organic matter, the addi-
tion of 20 t  ha−1 rice husk biochar directly increased the soil 
carbon in RB- (35%), WB- (25%), and FB- (27%) amended 
soil. The loss of DOC and inorganic C components of bio-
char through either the washing or the water filtration pro-
cess may have caused the subsequent reduction of SOC in 
WB- and FB-amended soil compared to soil with untreated 
biochar. In a similar study involving rice husk biochar, Sme-
bye et al. (2016) reported reduced SOC in water-washed 
biochar-amended soil. The RB contained 43% ash and cor-
related significantly with pH, CEC, and total K improvement 
in the poor acidic soil. The high-ashed biochar provided cal-
cium carbonate and potassium to the soil, allowing more 
binding surfaces to hold cations. In agreement with this 
result, Asirifi et al. (2022) and Häring et al. (2017) reported 
an improved pH and soil CEC in a degraded acidic Cambisol 
and Ferrosol following biochar amendment. Häring et al. 
(2017) emphasized a short-lived effect of biochar on soil 
pH and CEC due to leaching, highlighting the importance of 
biochar bond nutrients and ash components in degraded soil.

Similarly, reducing the ash content of biochar to 28% 
(WB) and 25% (FB) through washing or filtration corre-
sponded to lowering pH, K, and CEC in the soil relative 
to the unamended control. Werner et al. (2018) also found 

a reduction in biochar-bound nutrients like P, Mg, and K 
after wastewater percolation that decreased lettuce biomass 
compared to untreated biochar. The doubled surface area of 
FB (102.78  m2  g−1) compared to RB (66.67  m2  g−1) resulted 
mainly from the removal of soluble components like ash and 
the physical handling of FB during the filtration process. 
The ash content was reduced from 43 to 30% in the FB. In 
addition, the production process (loading the barrel, filtra-
tion, and drying) crushed the FB to a much smaller size 
of 0.125–0.250 mm (68%) compared to the RB, which had 
about 30% of the particles below 0.250 mm. The improved 
surface area did not influence nutrient retention and there-
fore on crop yield as the study was conducted in a pot with-
out nutrient losses through leaching.

The crop types (carrot and lettuce) had varying effects 
on the soil’s P and K contents, indicating the importance 
of plant factors on the functions of amendments in the soil. 
For instance, the reduced P content in lettuce-cultivated soil 
corresponded with the high P uptake by the lettuce crop, 
probably due to its root density that might have interacted 
with P in the soil. Such effects were observed by Föhse et al. 
(1991) and Bhattacharya (2018), where root hair stimulated 
up to 90% of P uptake in soil with low extractable P. The K 
requirement for carrots is high as it plays a critical role in 
water and nutrient transport within the tissue (Chaudhary 
et al. 2020). This increased demand for potassium explains 
the depletion in carrot-cultivated soil and correlates with 
the K concentration in the carrot tissues. This confirms the 
previous study of Shikha et al. (2016) and El-Tohamy et al. 
(2011) that reported a strong correlation between potassium 
availability and carrot biomass production.

The enhanced growth indicator parameters (root and leaf 
dimensions) and total biomass production are explained by 
direct nutrient addition through wastewater irrigation and its 
possible influence on the soil’s microbial activities (Asirifi 
et al. 2021b). A significant increase in crop yield is mostly 
guaranteed under wastewater irrigation due to its fertiga-
tion potential (Adrover et al. 2012). As indicated in lettuce 
production, the wastewater effect on yield increased with 
time (Fig. 2). Accumulated nutrients by wastewater irriga-
tion supported the yield of the second lettuce and produced 
an equivalent yield as observed in the first lettuce crop-
ping, which received mineral NPK background fertiliza-
tion. Wastewater irrigation similarly improved the biomass 
production of multiple crops, including maize, amaranth, 
roselle, and jute mallow in the tropics (Akoto-Danso et al. 
2019). Akhtar et al. (2012) also reported a similar yield 
increase in wheat, oak, and mustard following wastewater 
irrigation in the temperate ecological zones.

The agronomic superiority of filtered wastewater, causing a 
10% increase in crop yield compared to untreated wastewater, 
might have resulted from the potential release of water-soluble 
compounds such as K from the ash components of the biochar 
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filter medium. In a related study, Liu et al. (2021) detected 
plant growth-promoting acids, such as 3-methylsalicylic acid 
in biochar extract, which further stimulated plant development 
and yield in a greenhouse experiment. Additionally, the pos-
sible removal of biosynthetic inhibitors during the filtration 
process, like the reduction of Fe concentration from 0.21 mg 
 L−1 to 0.10 mg  L−1 in TWW, could also explain the marginal 
yield improvement, as chlorophyll concentration (Table S6) 
was high in TWW irrigated crop similar to the study of (Gas-
sama et al. 2015; Hajihashemi et al. 2020).

Several studies have reported yield improvement of let-
tuce in different soils amended with biochar (Carter et al. 
2013; Steiner et al. 2018; Trupiano et al. 2017), similar 
to the 8% and 19% significant yield in both lettuce cycles 
respectively (Fig. 3). Such findings are generally explained 
by the improvement of primary soil fertility indicators, 
including SOC, pH, CEC, and K of soil by biochar addi-
tion. Contrarily, both the taproot and leaf biomass of the 
carrot remained unchanged with biochar addition under the 

same treatment conditions as the lettuce. Also, in the study 
of Carpenter and Nair (2014), up to 20 t  ha−1 biochar amend-
ments did not increase carrot yield. Crop type is consid-
ered an essential factor affecting biochar’s performance on 
yield (Haefele et al. 2011; Jeffery et al. 2017). Plant nutrient 
requirement and differences in the nutritional physiology 
of lettuce and carrot could explain their varied response to 
biochar addition. Principally, the monocotyledonous fibrous 
root of lettuce grows in multiple directions and has a higher 
potential to take up nutrients and water than the single tap-
root of carrots with fewer root hairs (Marschner 2012).

Biochar, usually depending on the feedstock, contains 
labile organic C and intrinsic soluble nutrients mineralized 
by soil microorganisms, enhancing crop production, espe-
cially in nutrient-limited soils (Mukherjee and Zimmerman 
2013). The significant reduction of such properties (P, K 
contents, and ash component) in WB and FB through the 
water pretreatment process might explain the slight increase 
in biomass production in RB amendments compared to the 
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Fig. 5  Average concentration of nitrogen (A), phosphorus (B), potas-
sium (C), and calcium (D) in first lettuce (lower stack) and second 
lettuce (upper stack) plant tissue grown on biochar amended and 
irrigated soil.   Clean water (CW), treated wastewater (TWW) and 
untreated wastewater (WW) were applied as irrigation water and raw 

biochar (RB), filterchar (FB) and washed biochar (WB) as soil 
amendments.  Letters indicate a significant difference of the means 
(MANOVA, p < 0.05) after post hoc analysis. Error bars denote the 
standard deviation of the mean (n = 3)
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soil that received pretreated biochar. Werner et al. (2018) 
and Hale et al. (2020) observed a similar trend in crop yield, 
where the soil was amended with filter biochar and water-
washed biochar, respectively. In a further discussion, Werner 
et al. (2018) and Wang et al. (2022b) highlighted the pos-
sible contamination of FB with an active pathogen and pro-
posed post-filtration sanitary treatment like drying, co-com-
posting, or thermal treatment of FB prior to soil amendment.

As earlier shown by Bassirirad (2000), the tissue nutri-
ent analysis of the carrot and lettuce reflected the levels of 
nutrient inputs through irrigation and soil amendment appli-
cation. The macronutrient (N, P, K, and Ca) concentrations 
of WW and TWW irrigated crops were high corresponding 
to the soluble nutrient added through irrigation. A similar 
conclusion was established by Kaetzl et al. (2020) explain-
ing the retention of nutrients in the biochar-filtered TWW 
that directly impacted the tissue concentration comparable 
to the WW irrigated crops. The overall low heavy metal con-
centration in the crop tissue (Table S7) is earlier reported by 
Asirifi et al. (2021a). This study using the same wastewater 
sources reported a minimal concentration of heavy metals 
because the wastewater source is purely domestic without 
any industrial contaminants. However, various studies made 
notice of potential bioaccumulation in long-term irrigation 
(Asirifi et al. 2021a; Kaetzl et al. 2019a)

A general improvement of tissue nutrient concentra-
tions in both carrot and lettuce was observed in biochar-
amended soil, especially for K, which is significantly 
increased in the untreated biochar (RB) pots. The ele-
vated SOC, pH, CEC, and direct nutrient addition by bio-
char might have reduced nutrient immobility in the soil, 
increasing mass flow for nutrient uptake. Tissues analysis 

of lettuce and carrot grown on biochar-amended soil by 
Olszyk et al. (2020) also revealed an improved macro-
nutrient in their tissues. In a related study, Deenik et al. 
(2010) indicated a slight increase in crop tissue Na, Fe, 
and Mn concentrations induced by biochar addition to the 
soil. The slightly reduced tissue N, P, and Ca concentra-
tion of WB and FB compared to RB-amended soils might 
be due to the loss of water-soluble biochar components 
through the water pretreatment process. Agreeing with the 
study of Werner et al. (2018), the washing and filtration 
process caused a substantial depletion of K content in the 
biochar, leading to a significant reduction of K in both 
crops (Figs. 5 and 6c). Lehmann et al. (2011) state that K 
forms a vital biochar component and directly contributes 
to plant nutrition. The loss of biochar-bound K through 
washing or during the filtration process is similar to the 
result of Zheng et al. (2013), who explained that up to 47% 
of biochar-bound K is water-soluble and is easily leached. 
In addition, the P and Al in the wastewater formed a crys-
talline  AlPO4 on the surface of FB (Fig. S2) which might 
have reduced the impact of FB on crop nutrient uptake 
compared to the RB. Wang et al. (2022a) observed a simi-
lar result in a wastewater treatment and disinfection study 
using activated biochar.

5  Conclusion

Albeit a short irrigation term with domestic wastewater, 
plant-available nutrients in the wastewater agronomically 
contributed to a significant yield improvement of lettuce 
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and carrot. In addition to pathogen removal, treating the 
wastewater with a biochar filter medium further increased 
its agronomic capabilities. Irrigation with biochar-filtered 
wastewater increased crop biomass production by up to 
10%, suggesting a reduced iron (Fe) concentration and a 
release of labile organic compounds, for example, the ash 
component from the biochar to the wastewater filtrate. The 
biochar used for the filtration process (FB) was compara-
ble to the water-washed biochar (WB), where both were 
less quality than the raw biochar (RB). Compared to the 
unamended control, soil amendment with untreated biochar 
significantly increased soil pH and biomass production of 
two lettuce growing cycles. The biochar’s nutrients and lim-
ing ability were reduced in the post-production treatment 
process and, therefore, could not increase the total biomass 
production of carrots. Crop irrigation with biochar-filtered 
wastewater on biochar-amended soil in tropical urban agro-
ecosystems holds the potential for safe food production.
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