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a b s t r a c t

One promising way to reuse and recycle brewery spent diatomite sludge (BSDS) is by direct application
to croplands as a soil amendment. This paper assesses the value of BSDS as a soil amendment and organic
fertilizer. BSDS samples of different ages were analyzed to determine physicochemical properties and
trace metal concentrations. All BSDS samples were alkaline (pH 8.3e8.7) with high concentrations of
available phosphorus (373e416 mg kg�1) and potassium (883e3297 mg kg�1). Organic carbon and total
nitrogen content were also found to be relatively high (3.1% and 0.22%, respectively) in the freshly
dumped BSDS. The total porosity and available water holding capacity of BSDS were found in the range of
71e73% and 145e176 mm m�1, respectively, which indicate favorable conditions for plant growth.
Concentrations of potentially toxic trace metals in BSDS were much lower than the standards set for land
application, implying that BSDS is safe for use as organic fertilizer. In addition, field trials with teff
(Eragrostis abyssinica Zucc.) and wheat (Triticum aestivum L.) were conducted to measure the effects of
BSDS amendments on grain yield as compared to recommended inorganic fertilizers and farmyard
manure. For both cereals, application of BSDS resulted in two-fold higher grain yields than the control
and 50% increases over farm yard manure. Post-harvest analysis also revealed an improvement in
physicochemical properties of soil. Wheat and teff grown in fields treated with BSDS showed higher
grain protein content than controls, and nearly as high as those treated with recommended inorganic
fertilizers. In conclusion, BSDS has great potential to be used as a soil amendment to increase crop
productivity and nutritional quality.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

By volume, beer is the fifth most consumed beverage in the
world after tea, carbonated drinks, milk, and coffee (Fillaudeau
et al., 2006). The brewing process for beer generates large
amounts of wastewater effluent and solid wastes that must be
disposed of without negatively affecting soil and water quality.
Solid wastes from breweries include spent grains, spent diatomite,
waste yeast and hot trub, all of which form a layer of residual
sediment on the bottom of the fermenter (Mathias et al., 2014).
Diatomite (also known as diatomaceous earth) is a mineral ore
composed of fossilized diatoms, which are microscopic silicaceous
marine organisms deposited during the Tertiary period (Johnson,
ssalew).
1997). The use of diatomite in beer filtration has been an industry
standard for more than 100 years, but has been increasingly scru-
tinized from economic, environmental and technical standpoints
(Fillaudeau et al., 2006). During filtration, haze active substances
(the proteins, tannins and yeasts that make beer cloudy) are
removed, and the biological and colloidal stability of beer is
increased (Fontana and Buitti, 2009; Clemens, 2010). Beer pro-
duction produces brewery spent diatomite sludge (BSDS), which
consists diotomite as well as yeast residues and suspended solids.
On average, during the production of 1 L of beer, a brewery requires
1e2 g of raw diatomite and produces 17.14 g of BSDS (Iliescu et al.,
2009). According to a report by Access Capital Research (2011),
breweries in Ethiopia have the potential to produce more than 4
million hL of beer per year. Since all Ethiopian breweries use diat-
omite for clarification, the total amount of BSDS produced each year
is estimated to be about 69,000 metric tons.

Diatomite waste is a major challenge for all breweries due to its
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Abbreviations

BD Bulk density
BGI Borland Graphics Interface
BSDS Brewery spent diatomite sludge
DAP Diammonium Phosphate
FYM Farmyard manure
PD Particle density
RIF Recommended inorganic fertilizer
TN Total nitrogen
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economic and environmental consequences (Kanagachandran and
Jayaratne, 2006). The cost for treatment and disposal of sludge is
expensive, comparable to the total cost of the filtration process.
Consequently, BSDS is often dumped in landfills or open fields.
Dumping of BSDS on open field releases carbon monoxide and
carbon dioxide to the atmosphere, which does not only contribute
to global climate change, but also promote the growth of microbes
(Iliescu et al., 2009). Moreover, the high moisture content of BSDS
(approximately 70%) and its chemical composition lead to rapid
degradation, so that the open dumping produces unpleasant odors
and attracts animals (Mathias et al., 2014).

Use of BSDS as a soil amendment and for bioremediation of
contaminated soils is a relatively recent practice. Although chem-
ical analysis of spent diatomaceous earth has high nutrient content,
particularly of organic nitrogen (Johnson, 1997), the environmental
risks associated with its application are not well known. As for CO2
release, the IPCC (2006) has reported that CO2 from biodegradable
waste does not pose a significant risk to the environment. More-
over, nitrate production from BSDS is released slowly; hence, it has
a lower leaching risk and advantages for crop production (Snyman
and van der Waals, 2004).

Treatment of organic solid wastes is a growing area of investi-
gation, and new technologies are replacing conventional treatment
systems. Environmental concerns have led to more stringent reg-
ulations and increased incentives to utilize byproducts without
unintended environmental consequences (Stocks et al., 2002;
Kanagachandran, 2004). Research that explores opportunities to
reuse and recycle wastes, including brewery byproducts, is
important to improve the efficiency of production and consump-
tion, and thereby make progress toward sustainable development
goals (UN, 2015).

The use of other types of biowaste as agricultural soil amend-
ments in place of inorganic fertilizer is relatively well researched
(Tarraso'n et al., 2008; Delibacak et al., 2009), and fertilizer advice is
available for many similar materials (Rigby and Smith, 2014). For
example, the nutrient value of paper-mill sludge (Madejo'n et al.,
2003; Price et al., 2009) and other industrial biowastes resulting
from food and beverage production and processing are well
defined, and guidelines for the use of these byproducts in agricul-
ture as fertilizers have already been developed (Rigby and Smith,
2014). By comparison, information regarding the value of BSDS as
a potential fertilizer is limited, despite the strategic importance of
recycling BSDS to improve agricultural production. A few previous
studies indicate that BSDS has high potential to increase the
availability of nutrients to plants (Mbagwu and Ekwealor, 1990;
Johnson, 1997; Mathias et al., 2014). Other wastes from breweries,
including spent grains, have been combined with additional
organic materials (e.g., sawdust and horse manure) and used to
produce compost, which has been shown to increase yields of crops
such as kale (Crosier, 2014). Field research is necessary to
characterize the value of BSDS as an organic fertilizer, and thereby
enhance the efficient utilization and management of this industrial
waste material as an alternative fertilizer in agriculture.

Borland Graphics Interface (BGI) Brewery Limited Company is
located in Kombolcha town in the South Wollo Zone of Ethiopia.
While BSDS from BGI is said to pose a major threat to the sur-
rounding environment, little is known about the potentially toxic
properties of the brewery's BSDS or its potential to improve soil
fertility and thereby improve crop growth and yield on local farms.
The aim of this study is to characterize the nutrient composition of
BSDS from BGI and evaluate how its use as an organic fertilizer
affects the yields of teff (Eragrostis abyssinica Zucc.) and wheat
(Triticum aestivum L.), two of the most important crops within the
study area and the country at large.

2. Materials and methods

2.1. BSDS samples collection and characterization

Time since dumping (i.e. the age of BSDS) was expected to affect
the physicochemical properties of BSDS. Therefore, three composite
1 kg samples were collected from dumping sites close to the BGI
factory, including one that had been dumped two years earlier, one
that had been dumped two months earlier, and another that had
been recently used for filtration. The samples were dried prior to
characterization of their physicochemical properties.

2.2. Physical characterization of BSDS

The bulk density (BD) of each BSDS samplewas measured with a
core sampler (Rowell, 1997). Particle density (PD) was determined
using a pychnometer (Sahlemedhin and Taye, 2000). Total porosity
was calculated from the values of BD and PD (Equation (1)).

Total porosityð%Þ ¼
�
1� BD

PD

�
� 100 (1)

Available water holding capacity was calculated as the percent
difference between moisture content at field capacity and wilting
point (Klute and Dirksen, 1986).

2.3. Chemical characterization of BSDS

The pH of each BSDS samplewas determined bymixing 10 g with
50 mL of distilled water potentiometrically using a glass-calomel
combination electrode. The solution was left for two hours at room
temperature prior to measurement with a digital pH meter (Hatch
HQ40d). Organic Carbon (OC) was measured by wet combustion,
otherwise knownas dichromate oxidation (Walkley and Black,1934).
Total nitrogen (TN) was determined by the Kjedahl method (Black,
1965), and available phosphorus (P) by extraction with NaHCO3
(Olsen et al., 1954). Soluble cations ðNaþ; Kþ; Mg2þ and Ca2þÞ and
anions ðCl�; CO2�

3 ; HCO�
3 and SO2�

4 Þ were measured following
standard procedures (Sahlemedhin and Taye, 2000). BSDS samples
were analyzed for trace metals (Cd, Pb, As and Ni) using Atomic Ab-
sorptions Spectrophotometer.

2.4. Physicochemical characterization of the field experimental soil

Before sowing and applying treatments with BSDS, three com-
posite soil samples were collected from the experimental sites,
which were located on agricultural land on the west side of the
Kombolcha airport. Soil samples were collected from a depth of
20 cm using a soil auger. Composite soil samples were analyzed for
multiple physicochemical properties. Bulk density, particle density



Table 1
Physicochemical analysis of the three age groups of brewery spent diatomite sludge
(BSDS) immediately after dumping, after two months, and after two years.

Parameters Age of Brewery Spent Diatomite Sludge
(BSDS)

Fresh Two months Two years

Organic Carbon (g kg�1) 309 108 106
Total Nitrogen (g kg�1) 22 8 7
Available P (mg kg�1) 415.91 416.29 373.22
Total P (mg kg�1) 1664.98 4069.76 5475.43
Available K (mg K2O kg�1) 3296.88 1676.05 882.58
Zn (ppm) 33.19 33.03 33.02
Cu (ppm) 25.19 25.08 25.01
Water holding Capacity (mm m�1) 176.21 155.32 145.54
Porosity (%) 71.61 77.27 72.83
pH 8.79 8.51 8.37

G. Dessalew et al. / Journal of Cleaner Production 157 (2017) 22e2924
and total porosity were measured following the procedures
described for BSDS. In addition, soil texturewas determined using a
hydrometer (Day, 1965). Soil pH was measured in a suspension of
1:2.5 soils to potassium chloride (Chopra and Kanwar,1976). Total N
was determined following the micro-Kjedahl method (Jackson,
1958), and available P by extraction with the Bray II method (Bray
and Kurtz, 1945) using 0:03M NH4F and 0:1M HCl solution. Soil
cation exchange capacity wasmeasured by extracting exchangeable
Ca, Mg, K and Nawith 1M NH4OAc at pH 7. Exchangeable Ca andMg
in these extracts were analyzed using an Atomic Absorption
Spectrophotometer, while Na and K were analyzed by flame
photometer (Chapman, 1965; Rowell, 1994). After crop harvest, a
second set of soil samples were collected from plots to assess
change in the physicochemical properties of the soil as a result of
BSDS application.

2.5. Field trials to measure yield following application of BSDS

To evaluate BSDS as an organic fertilizer, field trials were con-
ducted for two years during the main cropping season (June to
November in 2014 and 2015). Fresh BSDS was selected because
chemical characterization had indicated that it had more desirable
qualities than older BSDS. Older BSDS samples were found to have
high concentrations of bicarbonates, which are known to have
adverse effects on nutrient availability. Test crops included teff
(Eragrostis abyssinica Zucc.) andwheat (Triticum aestivum L.), two of
the cereal crops most commonly grownwithin the study area. Four
treatments consisting of a control (i.e. no fertilizer or manure
application),100% farmyardmanure (FYM) at 3 t ha�1,100% BSDS at
0.5 t ha�1 and 100% recommended inorganic fertilizer (RIF), which
consisted of 64 kg N and 46 kg P ha�1, were laid out in a randomized
complete block design with three replicates. Urea (46% N) and
Diammonium Phosphate (DAP; 18% N and 46% P2O5) were used as
sources of N and P. The FYM and BSDS treatments were broadcast
and thoroughly incorporated into the top 15 cm of the soil 20 days
before sowing. Teff was grown on 3 � 3 m plots at a raw spacing of
20 cm. Seeds were drilled in 15 rows, each 3 m long for a seeding
rate of 60 kg ha�1. Wheat was grown on 4 � 5 m plots at a raw
spacing of 20 cm apart. Seeds were drilled in 20 rows, each 5 m
long, for a seeding rate of 60 kg ha�1. Plots were more than 1 m
apart and blocks (replications) more than 2m apart. The full dose of
P2O5 (46 kg P) and half of the dose N (32 kg) were applied during
sowing; the remaining N dose (32 kg) was applied during heading
initiation. Both crops were harvested at grain maturity. Grain yield,
biomass yield (kg ha�1), and protein content from nitrogen were
determined.

2.6. Data analysis

Statistical analysis was conducted in STATISTICA 8.0 (StatSoft,
Inc). Student's t-tests were used to evaluate differences in the yields
between treatments, and an ANOVA to test differences among
treatment groups. Spider charts were used to visualize concentra-
tions of cations and anions and evaluate changes in ion balance
within BSDS over time.

3. Results and discussion

3.1. Physicochemical characteristics of BSDS

3.1.1. Water holding capacity and porosity of BSDS
The porosity of BSDS ranges between 71 and 77% and water

holding capacity of 145e176 mm m�1 (Table 1). Water holding
capacity and porosity are important agronomic characteristics that
affect transport, storage and availability of water, air and nutrients
within the soil for plant growth (Yusuf, 2010; Adamu and Aliyu,
2012). Diatomite is naturally porous and can absorb up to 150% of
its own weight in water (Yıldız, 2008). The values measured for
water holding capacity and porosity of the BSDS samples were
comparable with fertile soil. Water holding capacity between 110
and 210 mm m�1 (Pam and Brain, 2007) and total porosity should
range between 30 and 47% (Moore et al., 1998). Water holding ca-
pacity has declined over dumping time slightly, which may be
related to the decline in organic carbon content of BSDS over time.

3.1.2. BSDS alkalinity and its potential for treatment of acidic soils
The pH values indicate that all BSDS samples were slightly

alkaline, starting at 8.79 in fresh BSDS and declining to 8.37 in the
two-year old sample (Table 1). Luque et al. (1990) found that the pH
of brewery waste sludge from three South American breweries was
highly variable, ranging from 6.5 to 11.5, due to differences inwater
source and processing technique. Given that the greatest quantity
of nutrients are available when soil pH is between 5 and 8 (Belinda,
2000), the use of BSDS as a soil amendment may affect the avail-
ability of both macro- and micronutrients. Consequently, if used to
maintain soil fertility, BSDS may need to be combined with
chemicals that lower pH, or for crops that tolerate alkalinity. On the
other hand, BSDS could be used to neutralize slightly acidic soils, as
an alternative to liming. In Ethiopia, 40% of cultivated land is
characterized by acidic soils (Mesfin, 2007), so the use of BSDS to
raise pHwould often help to improve soil fertility. Furthermore, the
fact that the pH of BSDS declines over time may be an important
consideration in applying it to fields, as older BSDS may be more
appropriate on neutral or alkaline soils.

3.1.3. Ionic balance of BSDS over time
Concentrations of cations and anions were generally higher in

fresh BSDS samples than the 2months and 2 years old BSDS samples
(Fig. 1). One exception is bicarbonate ðHCO�2

3 Þ, which was lower in
fresh BSDS than in the other samples, indicating that its concen-
tration increases after dumping. However, our results indicate that
the concentrations of all other cations ðKþ; Mg2þ and Ca2þÞ and
anions ðCl� and SO�2

4 Þ decrease slightly (by nomore than 0.02 ppm)
after dumping. This trend may be attributed to the slight alkalinity
of BSDS and a low concentration of dissolved organic matter,
allowing the ions to bond and precipitate (Bikash and Sanjay, 2015).
The relatively high concentration of sodium in the fresh BSDS may
be attributed to the fact that glass bottles in the brewery arewashed
with sodium hydroxide and the wastewater from this process may
be included in the BSDS.

3.1.4. The nutrient content of BSDS and its potential as a soil
amendment

Analysis of physicochemical properties of BSDS collected at



Fig. 1. Ionic balance of BSDS (brewery spent diatomite sludge) samples. A ¼ fresh BSDS, B ¼ two-month old BSDS, and C ¼ two year old BSDS.
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different times since dumping confirms our expectation of both
physical and chemical changes over time (Table 1). According to
Metson (1961) and Frank (1990), soils with concentrations of
>20 ppm available phosphorus and >400 ppm available K are
considered to have high fertility. Available P and Kwere found to be
higher than these values in each of the three BSDS samples. The
release of P from particles is slow and steady (Wang et al., 2015).
Although available P increased over the course of two years and K
decreased, in general, BSDS appears to have high concentrations of
P and K and therefore has great potential to be used as a soil
amendment for soils that are deficient in these nutrients.

The amounts of organic carbon (3.09%) and total nitrogen
(0.22%) were much higher in fresh BSDS than in the two older
samples, indicating a rapid loss of these nutrients in the first two
months after dumping. According to Metson (1961) and Frank
(1990) medium soil fertility is indicated by 4% organic carbon and
0.225% total nitrogen, whereas low soil fertility is indicated by 2%
organic carbon and 0.125% total nitrogen content. Therefore, in
terms of carbon and nitrogen, fresh BSDS is in the low to medium
fertility range, and drops to low fertility after only two months.
Losses of organic carbon are expected during decomposition
resulting from the activity of microbial populations (Mondini et al.,
2003). During decomposition, some carbon is released as CO2 and
some is assimilated or immobilized by microbial communities
(Fang et al., 2001; Cabrera et al., 2005). The loss of nitrogen may
also be attributed to microbial utilization of nitrate compounds and
denitrification as ammonia gas (Quan et al., 2006; Barjinder and
Saini, 2013).

Finally, concentrations of zinc and copper are similar to those of
a soil in the normal fertility range. Soil with 10e120 ppm zinc and
10e25 ppm copper is normal and non-toxic for plant growth
(Alloway, 1990). The concentrations of zinc were approximately
33 ppm for zinc and 25 ppm for copper and did not decline over
time, indicating that the use of BSDS as an organic fertilizer would
not be toxic for plant growth, and could be a source of these
micronutrients in otherwise deficient soils.
3.1.5. Potentially toxic trace elements in BSDS
The analysis of BSDS samples revealed that arsenic and cad-

mium were present, although below the detection limits (Table 2).
The concentrations of lead (1.16 ppm) and nickel (31.12 ppm) in
BSDS samples were much lower than the standards established for
land application (840 ppm for lead and 420 for Ni) (Sonon and
Gaskin, 2012). Moreover, the concentrations of these metals in
BSDS were lower than those typically found in inorganic phos-
phorus fertilizer. For example, DAP used in Chile contained
4.9e14.5 ppm lead; DAP in Saudi Arabia contained 11.2e16.4 ppm
lead and 52.2e73.4 ppm nickel (Modaihsh et al., 2004; Mauricio
et al., 2009). The concentrations of trace metals also fall below
the standard set for agricultural soil by the FAO and Ministry of the
Environment of Finland (Randhawa et al., 2014; Toth et al., 2016).
This suggests that BSDS from the BGI brewery can be safely used for
agricultural purposes.

3.1.6. Effect of age of BSDS for field application
Overall, it appears that fresh BSDS is the most appropriate for

field application. First, the concentrations of essential macro- and
micronutrients were highest in fresh BSDS (Table 1). Second, the
high concentration of bicarbonate in the older samples deters us
from using it as organic fertilizer, as bicarbonate can cause iron
deficiencies leading to yellowing of leaves. In addition, bicarbonate
binds with other nutrients and reduces their availability to plants,
and causes the formation of crusts on the surface of soils, which
reduces infiltration rates (VBI, 1998). In our analysis, the only
counter-indication for use of fresh BSDS is the slightly higher
alkalinity, whichmay be offset by addition of acidic amendments or
use on acidic soils.

3.2. Impact of BSDS application on physicochemical characteristics
of post-harvest soil

As we would expect from our analysis of BSDS, experimental
additions to a clay soil resulted in many changes in its



Table 2
Analysis of trace metals in Borland Graphics Interface (BGI) brewery spent diatomite sludge (BSDS). The detection limit of the machine was 0.02 mg kg�1.

Trace metals Concentration (mg kg�1)

Fresh BSDS Two month BSDS Two years BSDS aMRLs (mg kg�1) bTVs (mg kg�1)

Cd Not detected Not detected Not detected 1.50 1.00
As Not detected Not detected Not detected e 5.00
Pb 1.16 1.17 1.19 100.00 60.00
Ni 31.12 31.15 31.18 70.00 50.00

a FAO MRL (Maximum Residual Limit) value.
b TV (Threshold value) heavy metal concentration values standards of the MEF (Ministry of Environment of Finland, 2007).

Fig. 2. Box plot showing cereals yield among the different treatment groups (control,
FYM ¼ farmyard manure, BSDS ¼ brewery spent diatomite sludge;
RIF ¼ recommended inorganic fertilizer). Boxes represent the mean ± standard error
and whiskers represent two standard deviations.
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physicochemical characteristics, including improvements for agri-
cultural production (Table 3). Except for electrical conductivity and
pH, all other physicochemical parameters showed changes that
enhance soil fertility. Our results confirm those of several previous
studies, including Ramya et al. (2015), who showed that the addi-
tion of BSDS improved organic carbon content and water holding
capacity as a result of its high organic matter content and high
cation exchange capacity. Erdem and Sozudo (2002) provided evi-
dence that brewery sludge amendments raise the pH of acidic soils
and increase the organic carbon content, concentrations of
exchangeable cations, and soluble cations and anions. Therefore,
our analysis of the physicochemical impacts of BSDS application
indicates that its use as a soil amendment is not only an ‘environ-
ment-friendly’ disposal mechanism for industrial waste, but a
viable way to improve the quality of agricultural soils.

3.3. Field scale experiment on BSDS application as soil amendment

3.3.1. Grain yield
For both teff and wheat, addition of BSDS resulted in signifi-

cantly higher yields than observed for the control (no fertilizer
added) and use of FYM, but significantly lower than those resulting
from the use of RIF (Fig. 2, Table 4). For both cereals, an approxi-
mately two-fold increase in grain yield was observed following the
addition of BSDS when compared to the control. Increases in yield
compared to FYM were 1.3 fold for wheat and 1.5 fold for teff.
Nevertheless, the effect of BSDS on yield of both cereals was far
lower than the effect of RIF. This is the first evidence that the use of
BSDS improves yields of teff (2.45 t ha�1), a staple crop in many
parts of Ethiopia that is central to local food traditions. The use of
BSDS also resulted in wheat yield of 2.65 t ha�1. Our results
correspond with those of Luque et al. (1990), who reported a
Table 3
Physicochemical characteristics of soil before and after application of brewery spent dia

Parameters Before application

Sand (%) 12.79
Silt (%) 26.05
Clay (%) 60.16
Texture class Clay
pH 6.63
Electrical conductivity (mS cm�1) 0.26
Exchangeable Naþ (meq 100 g soil�1) 0.42
Exchangeable Kþ (meq 100 g soil�1) 0.95
Exchangeable Ca2þ (meq 100 g soil�1) 35.35
Exchangeable Mg2þ (meq 100 g soil�1) 12.54
Cation exchange capacity (meq 100 g soil�1) 61.30
Sum of cations (meq 100 g soil�1) 47.31
Organic Carbon (g kg�1) 0.84
Total Nitrogen (g kg�1) 0.11
Available P (mg P2O5 kg soil�1) 24.61
Available K (mg K2O kg soil�1) 371.33
Exchangeable Na percentage (%) 0.66
Porosity (%) 52.57
significant correlation between the doses of BSDS and yields of
corn, sorghum and groundnut, as well as Iliescu et al. (2009), who
observed that application of BSDS on wheat and tomato seedlings
increased vegetative mass and yields. Thus, the use of BSDS as an
organic fertilizer could contribute to the productivity, and therefore
the food security of farming communities in rural areas. As the cost
of inorganic fertilizers rise, BSDS may provide a more affordable
option, with fewer long-term negative consequences for soil and
tomite sludge (BSDS).

After application Change in percent

13.4 4.77
18.87 �27.56
66.03 9.76
Clay e

6.84 3.17
0.11 �57.69
0.83 97.62
1.01 6.30
51.01 44.30
17.44 39.07
72.03 17.50
69.79 47.52
0.89 5.95
0.13 18.18
56.38 129.09
404.54 8.94
1.16 75.76
63.5 20.79



Table 4
Comparison of grain and biomass yields for wheat and teff treated with BSDS (brewery spent diatomite sludge), FYM (farmyard manure) and RIF (recommended inorganic
fertilizer).

Cereals Treatment Grain Yield (kg ha�1) Comparison groups Mean difference T-value P-value

Teff Control 1111.1 Control vs. FYM �0.0440 �3.11 0.036
FYM 1555.6 Control vs. BSDS �0.1111 �8.66 0.001
BSDS 2222.2 Control vs. RIF �0.2889 �15.92 0.000
RIF 4000.0 BSDS vs. FYM 0.0666 3.928 0.017

BSDS vs. RIF �0.1780 �8.76 0.009
Wheat Control 1150.0 Control vs. FYM �0.158 �6.72 0.003

FYM 1550.0 Control vs. BSDS �0.270 �11.64 0.000
BSDS 2400.0 Control vs. RIF �0.640 �26.90 0.000
RIF 4000.0 BSDS vs. FYM 0.112 6.95 0.002

BSDS vs. RIF �0.370 �22.54 0.000

Biomass yield (kg ha�1)

Teff Control 2785 Control vs. FYM �2067 �241.4 0.000
FYM 4852 Control vs. BSDS �3783 �547.9 0.000
BSDS 6568 Control vs. RIF �9675 �544.6 0.000
RIF 12460 FYM vs. BSDS �1716 �204.6 0.000

BSDS vs. RIF �5892 �333.2 0.000
Wheat Control 2938 Control vs. FYM �1938 �281.7 0.000

FYM 4876 Control vs. BSDS �4226 �793.9 0.000
BSDS 7164 Control vs. RIF �9558 �1850.9 0.000
RIF 12496 BSDS vs. FYM �2288 �348.9 0.000

BSDS vs. RIF �5332 �1128.3 0.000
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water quality, and public health.

3.3.2. Biomass yield
Analysis of variance indicated significant differences (p < 0.05)

between treatments for biomass yield in both crops (Table 4). For
wheat and teff, application of BSDS resulted in significantly higher
biomass yields than the control and FYM, but was significantly
lower than those obtained from the use of RIF. Similar to the grain
yield, a two-fold increase in biomass yield was observed following
the addition of BSDS as compared to the control. The increase in
biomass yield compared to FYMwas only 1.3 fold for wheat and 1.5
fold for teff. However, for both cereals, the effect of BSDS on
biomass yield was far lower than the effect due to RIF. This may be
explained by the fact that nutrient release from BSDS is slower than
that of RIF. Our results support the findings of Luque et al. (1990)
and Iliescu et al. (2009) who reported a significant increase in the
biomass yield of crops following BSDS application.

3.4. Effects of BSDS application on grain protein content

For wheat and teff, the protein content of grains was signifi-
cantly different between treatments (Table 5). The highest grain
protein (12.09% in wheat and 12.53% in teff) was measured in crops
treated with RIF, and the lowest in the control (9.98% in wheat and
10.25% in teff). Higher protein content in the RIF treatment could be
Table 5
Comparison of protein content of wheat and teff treated with BSDS (brewery spent diato

Cereals Treatment aProtein content (%) Comparis

Teff Control 9.98 Control v
FYM 11.41 Control v
BSDS 11.23 Control v
RIF 12.09 FYM vs. B

BSDS vs.
Wheat Control 10.25 Control v

FYM 11.55 Control v
BSDS 11.38 Control v
RIF 12.53 FYM vs. B

BSDS vs.

a Calculated: a factor of 6.25 was used to calculate protein from Nitrogen.
due to higher grain nitrogen uptake by both crops; nutrients in
inorganic fertilizers are more quickly available to plants than those
released from organic fertilizers. Lemon (2007) and Blumenthal
et al. (2008) have likewise reported enhanced grain protein
following the application of inorganic nitrogen.

Interestingly, the protein concentration of wheat treated with
BSDS (11.23% in wheat and 11.38% in teff) was higher than that of
the control, but slightly lower than those treated with RIF, and
higher than threshold levels for product quality. Mariani et al.
(1995) reported that wheat with 13% protein content could pro-
vide excellent products whereas wheat with protein content below
11% gives products of inferior quality. These data suggest that
application of BSDS not only improves grain and biomass yields of
wheat and teff but also the grain protein content, meaning that
BSDS as an alternative to RIF may enhance the nutritional benefits
of low-input agroecosystems.

4. Conclusion

Understanding the physicochemical properties of BSDS is crit-
ical to assess its agronomic value and support its efficient use and
sustainable management. Our study showed that freshly dumped
BSDS contained high concentrations of many macro- and micro-
nutrients essential for crop growth, and increased the water hold-
ing capacity and porosity of soils to enhance crop productivity. We
mite sludge), FYM (farmyard manure) and RIF (recommended inorganic fertilizer).

on groups Mean difference T-value P-value

s. FYM �1.3 �25.2 0.000
s. BSDS �1.25 �48.4 0.000
s. RIF �2.11 �71.7 0.000
SDS 0.18 13.7 0.020
RIF �0.86 �33.3 0.000
s. FYM �1.3 �33.9 0.000
s. BSDS �1.13 �26.2 0.000
s. RIF �2.28 �66.8 0.000
SDS 0.17 3.7 0.020
RIF �1.15 �27.4 0.000
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have also shown that freshly dumped BSDS obtained from the BGI
brewery contained suitably low concentrations of potentially toxic
trace elements (e.g., As, Cd, Pb, Ni) compared to the standards set
for land application. Our findings suggest that the spent diatomite
of BGI brewery could be safely used for agricultural purposes
without unintended environmental impacts. Moreover, the results
from our field trials onwheat and teff demonstrated that the use of
BSDS doubled the yields of these crops when compared without
any fertilizers application, and was 50% higher than yields achieved
with farmyard manure. Therefore, land application of BSDS would
offer an effective strategy to divert brewery waste from landfills
and open fields and contribute to long-term soil productivity by
recycling nutrients and organic matter in agricultural systems. We
recommend further study on the combined use of BSDS alongside
other organic and inorganic fertilizer sources, as well as on the rate
and time of application, in order to provide farmers with specific
guidelines regarding the optimal use of BSDS.
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