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ARTICLE INFO ABSTRACT

Keywords: Tannery wastewater is one of the most toxic waste generated in industries. In spite of this, there still remains a
Physicochemical parameters paucity of information on characteristics of wastewater generated from artisanal tanneries. This study, therefore,
Microbes assessed the water consumption, wastewater generation rates, physicochemical and microbiological character-
x:;‘:;:vl:er istics of wastewater produced from each process unit of an artisanal tannery in Ghana. The study revealed that the
Leather total amount of water use in the tannery ranged between 1171 and 2120L/day whilst the total volume of

Ghana wastewater generated was within 820 and 1324L/day. Physicochemical characteristics of the different waste-
water types generated at the tannery including chemical oxygen demand (13600-24333.30 mg/L), biochemical
oxygen demand (1445.64-2803 mg/L), ammonia (3.20-21.38 mg/L), colour (950.35-53900.10PtCo), electrical
conductivity (8170 - 10080 pS/cm), turbidity (450.24-1805NTU), suspended (1033.50-3216.40 mg/L) and
dissolved (26166.50-4996.65 mg/L) solids exceeded the guidelines set by the Ghana Environmental Protection
Agency. There were also high levels of chlorides, sodium, sulphates and calcium ions. The most dominant anion
and cation in the wastewater were chlorides (715-20490.60 mg/L) and sodium ions (258-14056.45 mg/L)
respectively. Heavy metals identified in the wastewater included zinc, aluminium, iron and chromium ions with
the most dominant one being aluminium ions (0.58-78.18 mg/L). Whilst the E-coli was below detectable limit, the
count of total coliforms ranged between 0 and 4.5 x 10*CFU/100mL. Five helminth egg species (Ascaris lum-
bricoides, hookworm, Trichuris trichiura, Strongyloides stercoralis, and Enterobius vermicularis) were identified with
their numbers surpassing the safe limit set by the World Health Organisation for irrigation purposes. These results
indicated that the indiscriminate discharge of the untreated wastewater on the bare soil as it is practised at the
tannery has the potential to adversely affect public and environmental health. Appropriate treatment schemes are
therefore, required to treat the wastewater to safe limits prior to discharge.

1. Introduction tannins; extracts from plant parts such as such as barks, fruit pods, leaves

and roots as tanning agents in converting skins/hides into leathers in a

Water is an essential resource for manufacturing industries. The
average water consumption by industries is estimated at 22% of the
global water use (Gutterres et al., 2015) with the highest consuming
sectors being the textile, semiconductor and leather manufacturing in-
dustries (UNIDO, 2007). Industrial use of this important commodity
leads to the generation of large volumes of wastewater accompanied with
its discharge and treatment issues.

The leather manufacturing sector makes non-putrescible leathers
from biodegradable skins and hides via tanning processes (Dargo and
Ayalew, 2014). From ancient times, artisanal tanners have relied on
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process termed as vegetable tanning (Falcao and Aratjo, 2018). This
artisanal method of leather production is usually carried out using very
simple tools in pits and pots in the open space (Ezenwe et al., 2001).
The leather manufacturing process has, however, been heavily
industrialised over the years. In modern times, leather making processes
are executed in well-built factories equipped with sophisticated ma-
chineries and rely on the use of diverse process chemicals (Ezenwe et al.,
2001). Consequently, the vegetable tanning method has been substituted
with other tanning techniques such as chrome, alum, aldehyde, zirco-
nium salt and syntans tanning (Covington, 1997). Presently, the chrome

Received 14 August 2021; Received in revised form 6 December 2021; Accepted 22 December 2021
2405-8440/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:esisamiriam@yahoo.co.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e08680&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2021.e08680
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.heliyon.2021.e08680

M. Appiah-Brempong et al.

tanning technique which uses basic chromium sulphate as its tanning
agent is practised in about 90% of all tanneries worldwide due to its
apparent advantage over the vegetable tanning method in producing
very flexible, colourful and multipurpose leathers within a shorter period
of time (Dargo and Ayalew, 2014). Despite this enormous transformation
in the leather industry, the artisanal method of leather production is still
being practised in some developing countries such as Ghana (Ezenwe
et al., 2001).

Leather industries, in spite of the attractive leathers produced have
been stigmatised with odoriferous environs and generation of highly
decomposable organic wastes (Muthukkauppan and Parthiban, 2018).
This challenge stems up from the use of animal skin/hides and the
dependence on various process chemicals which include dyes, salts,
tannins, oils, lime, biocides, enzymes, chromium sulphates, acids and
finishing solvents applied in the manufacturing processes (Ilou et al.,
2014). Only a small portion of about 20% of most of these chemicals are
retained in the leathers during production, the remaining amount comes
out with the resulting wastewater (Muthukkauppan and Parthiban,
2018). About 40% of the chromium used in industrial tanneries forms
part of the wastewater generated. Chromium in the wastewater can exist
in different oxidation states-either as hexavalent chromium [Cr(VI)] or
trivalent chromium [Cr(Il[)] with the former being about a hundred
times more toxic than the latter (Genawi et al., 2020). The wastewater
generated in tanneries is therefore, generally characterized by strong
colouration, huge loads of suspended particles, organic compounds,
heavy metals as well as odorous smells (Ilou et al., 2014). In a study
conducted by Liu et al. (2002), tannery wastewater ranked among the
most toxic industrial wastewaters.

Despite its high toxicity, tannery wastewater are usually discarded on
the tannery sites or into nearby surface water bodies without treatment
(Amanial, 2016; Chowdhury et al., 2013), particularly in some devel-
oping countries such as Ghana leading to environmental degradation.
Appropriate wastewater treatment and management schemes are
required to curb this menace. Information regarding water consumption,
wastewater generation volumes and its characteristics are required for
the design and management of these treatment schemes and also for the
environmental impact assessment of indiscriminate discharge of tannery
wastewater. Whilst this information is readily available for industrial
tanneries (Sawalha et al., 2019; Ilou et al., 2014; Islam et al., 2014), there
is a paucity of it on artisanal tanneries, even though artisanal leather
making remains a source of livelihood for lots of people in Ghana and in
some other developing countries such as Ethiopia (Gebremichael, 2016),
Cameroun (Paltahe et al., 2019), Sudan (Skinner, 2007) and Nigeria
(Zaruwa and Kwaghe, 2014). From an extensive literature search, a study
conducted by Paltahe et al. (2019) was the only work done investigating
into the characteristics of artisanal tannery wastewater. This paper
therefore, seeks to fill this gap in literature by investigating the water
consumption, wastewater generation rate and characteristics in an arti-
sanal tannery in Ghana.

1.1. General processes in artisanal leather production in Ghana

Skins of sheep and goats usually obtained from slaughterhouses are
cured by salting and sun-drying to prevent decay during storage. The
leather making process as practised in the selected study area starts with
the liming process where the cured skins are soaked in a liming liquor
prepared from a mixture of wood ash, waste carbide and water in order to
loosen the hair roots in the skins. The hairs are then removed from the
skins using a double-handled knife. Next, the skins are drenched in a
deliming and bating solution made from a mixture of ground pawpaw
leaves and water. The proteolytic enzyme, papain in the pawpaw leaves
disintegrates the flesh and the fatty tissues on the skins which are then
scraped off with the knife. The skins after been bated are washed and
then tanned via the vegetable tanning technique. The vegetable tanning
liquor is composed of ground pods of Acacia nilotica (commonly termed
as Gum Arabic tree or Babul) and water. The tanned skins may then be

Heliyon 7 (2021) e08680

dyed into red or black colour. The red dye liquor is produced from a
mixture of pounded sorghum leaf sheaths, a small portion of the liming
liquor and water. The black dye on the other hand, is composed of water,
iron filings and ground pods of Acacia nilotica. The leathers after being
dyed are dried, stretched and trimmed to complete the leather
manufacturing process. On very rare occasions, the tanners produce
white leathers by employing the use of aluminium sulphate in tanning
the skins-a process termed as alum tawing. The alum tawing liquor is a
mixture of aluminium sulphate, salt and water.

Amongst all the different liquors employed at the tannery, namely,
liming, deliming/bating, vegetable tanning, alum tawing, red dye and
black dye liquors, only the alum tawing, vegetable tanning and red dye
liquors are discarded after use. The remaining liquors are reused
repeatedly in the production process and frequently strengthened again
by adding the appropriate process material or chemical when their po-
tency diminishes. A schematic diagram illustrating the production pro-
cesses and the input materials used in artisanal leather making in Ghana
has been shown in Figure 1. Detailed descriptions on the leather making
processes in artisanal tanneries in Ghana are well elaborated in a study
conducted by Appiah-Brempong et al. (2020).

2. Materials and methods
2.1. Data collection

The data was collected from the Aboabo Artisanal Tannery in Ghana
with a geographical location of 6°41'50.57"°N, 1°36'7.02°W. Data
gathering encompassed field data collection and laboratory analyses. The
field data collection was employed in determining the water demand and
wastewater generation volumes as well as in the sample collection of
process liquors. The laboratory analyses were then conducted to deter-
mine the types and levels of pollutants in the process liquors.

2.1.1. Quantification of water demand and wastewater generation
Water demand and wastewater generation in leather industries are
generally measured in L/kg of skin or hide. Hence, to estimate the water
consumption and wastewater generation volume during each produc-
tion stage, the average weight of the animal skins to be processed as
well as the volumes of water used and the wastewater produced after-
ward are required. The production stages in artisanal leather making
which involves the use of water are liming, deliming & bating, vege-
table tanning, alum tawing, red dyeing, black dyeing and washing. Due
to the lack of a water metering system at the tannery the water use and
wastewater volumes were measured in litres using graduated buckets.
In this way, the total volume of water used in each process unit could be
read and computed. The leather making operations were carried out in
plastic buckets instead of the pits in order to enhance accuracy in the
measurements. The spent liquor obtained after the vegetable tanning,
alum tawing and red dyeing operations were carefully poured out
individually into specified graduated buckets to determine the volume
of wastewater generated in each operation stage. Prior to the
commencement of the leather manufacturing operations, the mass of
the raw animal skins were weighed in kilograms using a hanging scale.
The water demand and volume of wastewater generated (L/kg) at each
process stage were computed by dividing the total volume of water used
or wastewater generated (L) by the total mass of raw animal skins (kg)
that were processed [Egs. (1) and (2)]. The quantification process was
carried out five times on the field over a period of five weeks since the
manufacturing process takes 5 days to complete. Data on the number of
skins processed daily at tannery were also collected over this 5-week
period. This data was used in estimating the daily volumetric water
consumption and wastewater generation for each process unit [Egs. (3)

and (4)].
Vw
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Vi =—22 @)

Myotal, skins

where, V,, and V,,,, are the average volume of water use and the average
volume of wastewater generated respectively in each process stage per
unit mass of raw animal skin (L/kg), v, and v, are the total volume of
water used or wastewater generated respectively in each process unit (L)
and Myoqy, skins is the total mass of raw skins to be processed (kg)

Qaw = Vi X N X Mayerage, skins 3

Qdww = Viw X N X Mayerage, skins (4)

where, qqw and gqww are the average daily volumetric water use and
average daily volumetric wastewater generated (L/day) respectively, N is
the average number of skins processed in a day (1/day) and Mayerage, skins
is the average mass of a raw animal skin to be processed (kg).

2.1.2. Wastewater sample collection and characterisation

Grab samples of the different liquors/wastewater (liming, deliming/
bating, black dye, vegetable tanning, alum tawing and red dye liquors)
meant for physicochemical and microbial analyses were collected from
their respective receptacles at the tannery into twelve (12) 1L plastic
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bottles for laboratory analyses. Each sample type was collected in du-
plicates. Samples designated for heavy metal analyses were acidified to
pH ranges between 1 and 2 using nitric acid in order to reduce the
sorption of heavy metals onto the walls of bottles and also to prevent the
formation of metal precipitates during sample storage. Parameters which
can alter easily such as temperature, pH, turbidity and electrical con-
ductivity were measured on site. Sample bottles were transported to the
Environmental Quality Engineering Laboratory of Kwame Nkrumah
University of Science and Technology in an ice chest containing ice
cubes. Sample collection was done on five different days in the month of
May, 2019. Samples which were not analysed immediately were stored at
4 °C in a refrigerator to hamper microbial activities. All analyses were
done in accordance with standard methods (American Public Health
Association (APHA), 1999). Turbidity and Total Suspended Solids (TSS)
measurements were done using the HANNA turbidimeter (HI 93414) and
the gravimetric method respectively. The HACH methods for determi-
nation of Chemical Oxygen Demand (COD), sulphate (SO3"), ammonia
(NH3-N), and Total Nitrogen (TN) levels in the liquors were followed and
the results were read using HACH DR 3900 spectrophotometer.
Biochemical Oxygen Demand (BODs) analysis was carried using the
dilution method alongside with dissolved oxygen measurement. Atomic
absorption spectroscopy was employed in analyzing calcium (Ca®"),

[ Raw/cured skin ]

Calcium carbide,
wood ash, water

Pawpaw

COD, BOD, TSS,
TDS, TN, Na*, CI',
Turbidity,alkalinity

leaves, water
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Figure 1. Flow chart of leather making process in an artisanal tannery with its input materials and characteristics of the tannery liquors.
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sodium (Na"), aluminium (A13+), zinc (Zn2+), chromium (Cr) and iron
(Fe). Chloride (Cl) was measured using the argentometric method. The
determination of total coliforms and E-coli were performed using the
membrane filtration method with Chromocult® coliform agar and
detection and enumeration of helminth eggs carried out according to the
modified USEPA technique (Schwartzbrod, 1998).

3. Results and discussion
3.1. Water use and wastewater generation at the artisanal tannery

A total amount of 10-18L of water is used on each kilogram of raw
animal skin during leather production at the artisanal tannery. The cor-
responding wastewater volume generated ranged from 7 to 11.30L of
wastewater per kilogram of raw skin. The number of raw skins processed
daily was averagely 57 and the average weight of a skin was also found to
be 2.06kg. Hence, the daily water consumption and wastewater gener-
ation range from 1,170 to 2,120L and 820-1320L respectively. The water
consumption and the wastewater generation rate for each production
unit of the artisanal tannery in L/kg raw skin and in L/day are presented
in Table 1.

Water use and wastewater generated at the artisanal tannery is less
than the 35-40L of water/kg raw hide and 30-40L of wastewater/kg raw
hide widely reported in literature for industrial leather manufacturing
industries (Thanikaivelan et al., 2005). Whilst about 65% of the total
amount of water consumed in the artisanal tannery is discarded as
wastewater, approximately 90% of the water used in industrial tanneries
is discharged as wastewater (Kabir et al., 2017). The water consumption
in the artisanal tannery is however, close to the 12.7-17.6L/kg raw hide
reported by Sundar et al. (2001) for advanced leather manufacturing
industries where cleaner technologies aimed at reducing water demand
and pollution loads are practised. The wastewater generation rate at the
artisanal tannery is also comparable to that of advanced leather
manufacturing industries (10-12L/kg) (Sawalha et al., 2019).

The disparity in water demand between artisanal and most industrial
tanneries can be explained by the predominant use of bovine hides (Dixit
et al., 2015) in industrial leather production industries as opposed to the
extensive use of sheep and goat skins in the artisanal tannery. Larger
quantities of water are required in processing bovine hides due to the
bulkiness of these hides. The weight of the hides is estimated to be within
the range of 15 and 40kg whilst that of the sheep and goatskins are within
1 and 6kg (European-commission, 2003).

The few washing stages incorporated in the manufacturing process of
artisanal tanneries can also explain its low water use. Whilst the hides are
washed after almost every treatment stage primarily to rid them of any
absorbed process chemicals in industrial tanneries (Nacheva et al., 2004)
this is rarely the case in artisanal tanneries where washing may be done

Table 1. Water consumption and wastewater generation volumes during each
production stage in an artisanal tannery.

Process Water Consumption Wastewater generation

L/kg raw skin  x10? L/day L/kg raw skin  x10? L/day
Pre-tanning
Liming 1-4 1.17-4.69 0 0
Deliming/Bating 0.5-1.4 0.59-1.64 0 0
Tanning
Vegetable tanning 1.2-1.6 1.41-1.87 0.7-1.3 0.82-1.52
Alum tawing 4-6 4.69-7.03 3.5-6 4.10-7.03
Post-tanning
Black dyeing 0.5-0.7 0.59-0.82 0 0
Red dyeing 0.5-1.0 0.59-1.17 0.5-0.7 0.59-0.82
Composite 2.3-3.4 2.69-3.98 2.3-3.3 2.69-3.87
washing
Total 10.0-18.1 11.71-21.20 7.0-11.3 8.20-13.24
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only after bating the pelts or during dyeing when fainter colours are
desired. Thus, an amount of 11-13L of water/kg of raw hide is appor-
tioned for washing purposes in industrial tanneries (Sundar et al., 2001)
whilst only about 2.3-3.4L of water/kg of raw skin is meant for washing
purposes during artisanal leather production. According to Boahin et al.
(2013) the inadequate washing of the skins by the artisans contributes to
the odourous smell of the finished leathers.

Furthermore, the differences in leather manufacturing processes in
industrial and artisanal tanneries could also account for the variation in
water demand. Some operations such as pickling (0.8-1L/kg raw hide),
rechroming (0.7-1L/kg raw hide) and neutralization (1.7-2L/kg raw
hide) which require extensive use of water (Sundar et al., 2001) are
practised in industrial tanneries but not in the artisanal tannery. Addi-
tionally, the soaking stage, a very important step in leather making aimed
at washing and rehydrating the skins is omitted from the production
stages in the artisanal tannery but is however, widely practised in in-
dustrial tanneries and consumes as much 6-9L/kg of raw hide
(Sathiyamoorthy et al., 2013; Sundar et al., 2001). The reuse of the
liming, deliming/bating and black dye liquors is a water-saving strategy
which could also account for the lesser use of water in the artisanal
tannery.

Finally, some amount of water termed as technical water is used in
industrial tanneries for energy production, wastewater treatment and
floor cleansing (Buljan et al., 2000; Ramanujam et al., 2010) constitutes
about a fifth of the total water consumption (Buljan et al., 2000). How-
ever, in the artisanal tannery, where leather production takes place
manually in an open space with no wastewater purification systems,
there is no allocation of water for sanitary purposes or energy production.

Considering the wastewater discharge, the lesser volume generated in
the artisanal tannery can be linked to the low amount of water used as
well as the reuse of some of the liquors in the leather manufacturing
processes as it has been also reported for advanced leather making in-
dustries (Sawalha et al., 2019). Additionally, absorption of water by
some of the solid process materials such as waste carbide, wood ash and
ground pods of A. nilotica used in the artisanal leather production process
can also account for the lower volumes of wastewater from the artisanal
tannery. This forms a sludge at the bottom of the pots or pits. This is
however, unlike industrial leather making where according to Ilou et al.
(2014), most of the process chemicals used are in a liquid form which
rather add to the resulting wastewater since these chemicals are not fully
absorbed into the hides or leathers.

3.2. Characteristics of the artisanal tannery spent and unspent liquors

The results of the physical, chemical and microbiological character-
istics of the spent (vegetable tanning, alum tawing and red dye liquors)
and unspent liquors (liming, deliming/bating, black dye liquors) are
presented in Tables 2, 3, 4. The characteristics of the different liquors are
indicated in the schematic diagram of the leather making process shown
in Figure 1.

3.2.1. Physical parameters

From the results displayed in Table 2, the average temperature of all
the liquors ranged within 30.80 and 33.60 °C due to the prevailing
weather conditions. The temperature of all the liquors fell within the
tolerance limit established by the Ghana Environmental Protection
Agency (Ghana EPA).

The mean Electrical Conductivity (EC) and Total Dissolved Solids
(TDS) of all the liquors ranged within 6930 and 56600 pS/cm and
3576.65 and 28500 mg/L respectively (Table 2). The liming liquor had
the highest EC (56600 pS/cm) and TDS (28500 mg/L) concentrations due
to the large concentration of sodium, chloride (from the salts applied on
the skins), calcium, and magnesium (from the wood ash and waste car-
bide) ions. These ions are absorbed into the animal skins during the
liming stage and diffuse into the other liquors upon immersion of the
skins. Hence, their concentrations in the subsequent liquors dwindled
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Table 2. Physical characteristics of spent and unspent liquors at the artisanal tannery.

Parameter Liming Deliming/Bating Spent vegetable tanning Spent alum tawing Spent red dye Black dye Ghana EPA
(2016)

Temperature (°C) 33.22 + 2.45 33.22 + 0.83 32.40 + 1.01 33.60 + 1.15 33.50 + 1.08 30.80 + 0.56 <3° above
ambient

Colour (PtCo) 48983 + 634.11 17566 + 679.54 22033 £+ 1350.5 950.35 £+ 123.3 53900 + 804.65 16886 + 900.9 100

EC (pS/cm) 56600 + 26.28 34700 + 21.50 10080 + 77.55 52370 + 3.42 8170 + 4.30 6930 + 1.32 1500

TDS (mg/L) 28500 + 497.80 17533 £ 580.60 4996.7 + 383.78 26166 + 261.63 4123.3 £ 173.62 3576.7 £ 108.62 1000

TSS (mg/L) 6728.7 £ 645.42 8116.8 + 633.88 3216.4 + 868.78 1033.5 + 704.65 1894.1 + 385.01 2820 + 165.82 50

Turbidity (NTU) 2953.4 £ 279.24 1733.3 £ 394.98 1805 + 142.93 450.24 + 43.98 1700 + 186.6 943.50 + 74.52 75

Table 3. Chemical characteristics of spent and unspent liquors at the artisanal tannery.

Parameter Liming Deliming/Bating Spent vegetable tanning Spent alum tawing Spent red dye Black dye Ghana EPA (2016)

pH 12.95 + 0.28 8.79 £ 0.22 6.02 + 0.47 4.54 +0.83 6.36 + 0.60 5.75 + 0.74 6-9

BODs (mg/L) 2705.3 £ 396.73 2073.4 £+ 287.51 2803 + 308.76 1445.6 + 641.56 2709 + 354.12 2068.8 £+ 291.41 50

COD (mg/L) 17050 + 157.20 4366.7 + 921.65 24333 + 654.84 2380 + 109.23 13600 + 157.55 6970 + 72.10 250

BODs: COD 0.16 & 0.06 0.47 = 0.04 0.12 £ 0.02 0.61 £ 0.06 0.20 £ 0.04 0.30 = 0.06

TN (mg/L) 115.68 + 21.85 93.14 + 14.45 37.18 £ 9.16 64.35 + 55.87 38.52 + 7.02 40.10 + 36.77 50

NH3-N (mg/L) 68.75 + 7.43 48.08 £+ 5.79 16.80 + 3.38 21.38 + 3.54 3.20 + 0.78 4.75 £ 0.49 1

S03"(mg/L) 355.75 £ 30.74 115.38 + 19.56 30.14 + 3.20 1190.7 + 18.72 90.25 + 3.80 10.42 £+ 2.05 250

Ca" (mg/L) 18.45 +5.78 14.80 + 3.61 7.26 = 1.15 9.74 + 2.38 5.72 +1.28 3.24 + 0.26 -

Cl™ (mg/L) 23280 + 1636 12516 + 151.32 751 + 68.74 20490 + 1270.64 795.88 + 82.35 643.30 £+ 76.55 -

Na® (mg/L) 20727 + 503.28 9510 + 141.35 258.66 + 36.95 14056 + 763.75 315.20 + 72.61 245.28 + 45.60 -

Total Fe (mg/L) 7.58 + 2.40 6.05 + 2.94 2.02 +1.45 5.26 + 1.72 2.95 +1.08 18.90 + 5.92 10

AP* (mg/L) 5.04 £1.02 3.55 £ 0.75 1.28 + 0.08 78.18 + 10.52 0.54 £ 0.01 0.95 + 0.15 -

Total Cr (mg/L) 0.04 £ 0.001 0.04 + 0.002 0.04 + 0.002 0.04 + 0.002 0.03 £ 0.001 0.2 +0.01 0.5

Zn?* (mg/L) 3.18 £0.14 5.04 £ 0.64 0.64 £+ 0.26 1.54 £ 0.12 0.54 £ 0.18 0.4 £0.10 10

along the process stages from the deliming/bating, vegetable tanning,
red dyeing to the black dyeing stage. Furthermore, disintegration of
soluble proteins on the skins (Madhavi et al., 2011) might also contribute
to the dissolved matter content of the liming and deliming/bating li-
quors. Additional sources of dissolved solids in the deliming/bating,
vegetable tanning, black dye liquor and red dye liquors can also be
attributed to the use of the crushed plant materials (pawpaw leaves,
acacia pods and the leaf sheaths). That of the alum tawing spent liquor
stems from the presence of salts and aluminium sulphate (Al5(SO4)3).
The values of the EC and the TDS of all the spent liquors were above
the stipulated Ghana EPA standards of 1500 pS/cm and 1000 mg/L
respectively. Discharge of such wastewater on bare lands can lead to an
increase in electrical conductivity and solute concentration in soils
(Al-Jaboobi et al., 2014) which destroys soil structure and impedes soil
drainage, nutrient retention, soil aeration and plant development (Maria

etal., 2012). It also results in plant stress (Corwin and Yemoto, 2017) and
a decrease in the abundance of essential soil fauna (Maria et al., 2012).
Infiltration of such wastewater into water bodies tend to make them
unpalatable (Sherrard et al., 1987) and also causes low reproduction rate,
death, loss of habitat and species extinction in aquatic organisms
(Weber-Scannell and Duffy, 2007). Certain domestic animals such live-
stock and chickens also die ingesting wastewater laden with large con-
centrations of dissolved solids (Sherrard et al., 1987).

The Total Suspended Solids (TSS), turbidity and colour of the liquors
resulted from the presence of organic and inorganic materials as well as
the dyes used in the leather making process (Bilotta and Brazier, 2008).
Materials such as hair residuals, wood ash, calcium carbide residues and
plant materials contributed significantly to the turbidity and suspended
matter constituents of the liquors. From Table 2, the average values of
TSS, turbidity and colour ranged within 1033.50 and 8116.75 mg/L,

Table 4. Biological characteristics of the spent and unspent liquors at the artisanal tannery.

Microbes Liming Deliming/bating Spent vegetable Spent alum Spent red dye Black dye Ghana

tanning tawing EPA
(2016)
Bacteria (CFU/100mL)
Total coliform 2.6 x 10° 1.7 x 10* 4.5 x 10* 9 x 10 5.5 x 10° 2.2 x 10° 400
(0-6x10°) (0-4x10") (0-1x10°) (0-2x10?) (0-1x10%) (0-4x10%)

E-coli 0 0 0 0 0 0 10

Helminth eggs (eggs/L)

Ascaris lumbricoides 5.6 (0-16) 1.40 (0-3) 3.8 (2-8) 1.8 (0-4) 2.8 (0-5) 1.2 (0-3) -

Hook worm 1(0-2) 0 3.6 (0-7) 0 3.5 (2-5) 1(0-2) -

Trichuris trichiura 2.3 (0-5) 1 (0-2) 4.2 (0-9) 0 1.4 (0-3) 1.2 (0-3) -

Strongyloides stercoralis 2.2 (2-3) 1 (0-2) 2.6 (0-6) 0 0.8 (0-1) 3.2(1-7) -

Enterobius vermicularis 3.8 (0-8) 1.8 (0-3) 4.4 (0-10) 0.8 (0-2) 2.6 (2-4) 2.3 (0-5) -

The range of values are written in brackets.
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450.24 and 2953.35NTU and 950.35 and 53900PtCo respectively. The
liming liquor was the most turbid due to the presence of the hair residues
and the partially dissolved wood ash and waste carbide. The bating and
deliming liquor had the highest constituent of suspended matter resulting
from the crushed pawpaw leaves, disintegrated animal flesh and fat tis-
sues, hair residues and soil particles. The red dye wastewater had the
strongest colouration.

The values of TSS, turbidity and colour obtained for the spent liquors
were in excess of the limits proposed by Ghana EPA which are 50 mg/L,
75NTU and 100PtCo respectively. The discharge of this wastewater on
bare lands as practised at the tannery can cause a restriction in the flow
rate of water through the soil as the soil pores can be clogged by the
suspended particles (Vinten et al., 1983). For surface water bodies, not
only will the aesthetic value be destroyed but also the photosynthetic
activity will be reduced due to diminished light intensity. Thus, growth
and abundance of primary producers will be impaired which will ulti-
mately affect the food chain. The suspended particles are likely to block
air passages in fishes and smother them to death, destroy habitats, eggs
and larvae of fishes and also disrupt free movement and search for food
by fishes (Bilotta and Brazier, 2008; Ryan, 1991). Eventually, this can
lead to loss in biodiversity and population abundance (Kemp et al., 2011)
in surface water bodies.

3.2.2. Chemical parameters

The acidity or alkalinity of a wastewater is determined by its pH.
From the results shown in Table 3, the liming and the deliming/bating
liquors were found to be basic (12.95 and 8.79 respectively) due to the
presence of calcium hydroxide (lime). The calcium hydroxide originates
from the reaction between wood ash and calcium carbide with water
(Sun et al.,, 2015; Farhad and Mohammadi, 2005). The pH of the
deliming/bating liquor is appropriate to decrease the pH of the pelts so as
to favour the bating process (Beghetto et al., 2013). The black dye liquor
(5.75) and the vegetable tanning wastewater (6.01) are slightly acidic
due to the presence of the tannic acids emanating from the acacia pods
(Mahdi et al., 2006). Paltahe et al. (2019) reported pH values of 12.70,
9.10 and 7.10 for liming, deliming/bating liquors and vegetable tanning
wastewater respectively which are in agreement with that obtained in
this study. The red dye wastewater is also slightly acidic (6.36) due to the
dye extract from the sorghum leaf sheaths. This pH value is in line with
the pH of 6.2 reported by Gumel and Ali (2012). The alum tawing
wastewater is highly acidic (4.54) as a result of the production of sul-
phuric acid from the dissolution of aluminium sulphate (Al>(SO4);) in
water (OMRI, 2015). The pH of all the wastewater types except that of
alum tawing were within the permissible range of 6-9 as stipulated by
Ghana EPA. Direct discharge of the alum tawing wastewater on the
ground can make soils acidic (Al-Jaboobi et al., 2014) resulting in the
release of toxic ions such as aluminium and manganese. These ions
hinder growth in both plants (Rousk et al. 2009) and soil fauna (Lavelle
et al. 1995) and also hampers the absorption of water and essential nu-
trients by plant's roots (Thakuria et al., 2016; Steiner et al., 2012).
Additionally, the acidic wastewater can lead to acidification of ground-
water bodies particularly shallow wells which is a major source of water
for the residents around the tannery. Acidified groundwater is charac-
terized by a decline in pH and alkalinity and this also stimulates the
release of toxic chemicals such as nitrate, aluminium, zinc, cadmium and
chromium into the water (Knutsson, 1994; Soveri, 1992).

The average Biochemical Oxygen Demand (BODs) and Chemical
Oxygen Demand (COD) recorded in all the liquors occurred within the
ranges of 1445.64 and 2803 mg/L and 2380 and 24333.30 mg/L
respectively. The organic matter in the liquors stemmed from the use of
plant materials (acacia pods, sorghum leaf sheath, pawpaw leaves), oils,
as well as the hair, wool, flesh and adipose tissues which detached from
the animal skins. Reported values in literature are 7100mgBODs/L and
18330mgCOD/L for liming liquor; 3119mgBODs/L and 8560mgCOD/L
for deliming/bating liquor and 3042mgBODs/L and 7640mgCOD/L for
vegetable tanning wastewater (Paltahe et al., 2019). Even though these
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are results from an artisanal tannery in Cameroun they differ from that
obtained in this study possibly due to the variation in the number of skins
processed and the quantities of plant materials or chemicals used in the
preparation of the liquors as there are no strict measurement guiding the
preparation of the liquors. The biodegradability index (BODs: COD) of
the liquors are also presented in Table 3. Generally, wastewaters with a
BOD5:COD <0.4 are characterised as being hardly biodegradable which
may be resulting from their toxicity or the presence of recalcitrant
compounds (Lofrano et al., 2013; Schrank et al., 2004). From the results
obtained all the liquors except the deliming/bating and alum tawing li-
quors had low biodegradability. The low biodegradability of the vege-
table tanning, red dye and black dye liquors could be attributed to the
phenolic compounds which are the main constituents of the acacia pods
and sorghum leaf sheaths (Elgailani and Ishak, 2016; Kayodé et al., 2011;
He et al., 2007). Phenolic compounds are not easily biodegradable and
are also toxic to microbial organisms (Benson et al., 2013; Doughari,
2012; Schrank et al., 2004). The low biodegradability of the liming liquor
can be linked to its high pH (12.95) which could have hampered activ-
ities of the microorganisms. The BODs and COD concentrations of all the
wastewater discharges are above the permissible threshold of 50 and 250
mg/L respectively. Discharge of wastewater with high organic loads into
receiving water bodies can result in rapid growth of microbes, dissolved
oxygen depletion, death of the aquatic organisms, turbid water, and low
photosynthetic activities. The decay of the dead organisms produce foul
smells in the water bodies and increase the growth of pathogenic or-
ganisms (Akpor and Muchie, 2011).

The average total nitrogen (TN) and ammonia (NH3-N) concentra-
tions in the liquors were within 37.18 and 115.68 mg/L and 3.20 and
68.75 mg/L respectively (Table 3). The highest amount was found in the
liming liquor due to the presence of blood, flesh, soluble proteins (ker-
atin, globulins, albumins, elastin and cells), hairs, fatty tissues and dung
(Mittal, 2004). The plant materials used (acacia pods, pawpaw leaves and
sorghum leaf sheath) also contain some amount of crude proteins
(Abbasian et al., 2015; Nwofia et al., 2012; Adetuyi et al., 2007) which
could add to the nitrogenous composition of the various liquors. The
concentrations of TN in the alum tawing wastewater and that of NH3-N
in all the spent liquors were not consistent with the Ghana EPA guidelines
(50mgTN/L and 1mgNH3s/L). The occurrence of flesh and fatty tissues as
well as hair residues in the alum tawing liquor could have contributed to
its high TN and NH3-N concentrations. For the vegetable tanning and red
dye wastewaters, the high levels of NH3—N could be primarily linked to
the presence of plant materials, residues of hair, flesh and adipose tissues.
Introduction of excessive amounts of nitrogenous substances in surface
water bodies can lead to algae growth, depletion of dissolved oxygen and
ultimate destruction of the water quality (Akpor and Muchie, 2011).
High levels of ammonia has a toxic effect on fishes by causing growth
retardation, tissue erosion, and mortality (Shin et al., 2016).

Sodium (Na*) and chloride (Cl™) ions were the dominating cations
and anions in the wastewater respectively. The mean concentrations of
Na* and Cl~ ions in the liquors were from 245.28-20727.40 mg/L and
643.30-23280.15 mg/L respectively (Table 3). The liming liquor had the
highest constituent of both Na* and Cl~ ions since it receives the bulk of
the salts applied in preserving the skins. Due to inappropriate washing of
the skins, some of the ions retained in the skins diffuse into the subse-
quent liquors. The sodium levels in the vegetable tanning, red dye and
black dye liquors may also be originating from the trace concentrations in
the plant material used (Abbasian et al., 2015; Adetuyi et al., 2007). The
addition of salt in the alum tawing liquor could also explain its high levels
of chloride (20490.60 mg/L) and sodium (14056.45 mg/L) ions. There
are no set limits for sodium and chloride ions in the Ghana EPA guide-
lines for wastewater discharge. Sodium and chloride ions are essential for
metabolic processes in plant and animal cells. However, excessive
amount of salt have been associated with cardiovascular and renal ill-
nesses in man (Kumar and Puri, 2012), increase in electrical conductivity
and salinity in water bodies and soils, corrosion of metallic components
of wastewater treatment systems (Kumar and Puri, 2012), osmotic
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imbalance in fishes impeding growth and reproduction processes (Fon-
tenot et al., 2013), hindrance in seed germination, plant growth, repro-
duction and absorption of water and essential nutrients in plants
(Akbarimoghaddam et al., 2011).

The average levels of sulphate (SO3") and calcium (Ca®") ions fell
within the ranges of 1190.70 and 10.42 mg/L and 18.45 and 3.24 mg/L
respectively (Table 3). The alum tawing wastewater had the highest
concentrations of sulphate whilst the calcium ions were mostly pre-
dominant in the liming liquor. The least concentrations of the ions
occurred in the black dye liquor. The sulphate and calcium ions in the
liquors could have stemmed from the build-up of blood and fleshly tis-
sues from the animal skins (Blinn et al., 2006; Ortolani et al., 2001),
disintegrated hairs/wool (Reis et al., 1967; Fletcher et al., 1963), animal
dung (Saviozzi et al., 2006) trapped in the hairs on the skins as well as the
wood ash (Pitman, 2006) added to the liquor. The pawpaw leaves (Glazer
and Smith, 1965), acacia pods (Abbasian et al., 2015), sorghum leaf
sheath (Adetuyi et al., 2007) and vegetable oils (He et al., 2009) also
contain traces of sulphur and calcium ions which could be released into
the respective liquors. The calcium carbide is also a good source of cal-
cium ions (Serafimova et al., 2011). Even though there are no set
guidelines for Ca?" ions in the Ghana EPA standards, increased levels
may lead to increased risk of cardiovascular diseases and kidney stones in
man (Daly and Ebeling, 2010). In water bodies, calcium ions can combine
with carbonate ions resulting in water hardness which causes corrosion
and scaling in water distribution systems and boilers (WHO, 2011). With
regards to sulphate ions, only the alum tawing wastewater had concen-
trations above the Ghana EPA guidelines (250 mg/L). Elevated concen-
trations of the ions can cause laxative effect, diarrhoea (Bashir et al.,
2012) and dehydration in man, alter the taste of drinking water, cause
corrosion and scaling in water systems (WHO, 2004) and lead to eutro-
phication in surface water bodies (Lamers et al., 2002). Sulphates can
also be reduced to hydrogen sulphide in water which is very toxic to
living organisms (WHO, 2003). High levels of sulphate in soils tend to
enhance the growth of sulphate-reducing bacteria which are responsible
for the production of methyl mercury, a very toxic compound which can
lead to brain malfunctioning and death in animals and man (Jeremiason
et al., 2006).

The different heavy metals analysed were total iron, aluminium, zinc
and total chromium. The concentrations found in the different liquors
varied between 2.02 and 18.90mgFe/L, 0.54 and 78.18mgAI**/L, 0.4
and 5.04mgZn?*/L and 0.03 and 0.2mgCr/L (Table 3). The black dye
liquor had the highest concentration of total iron, chromium and zinc
ions which could be attributed to the use of iron filings in the solution.
Other sources of total iron and zinc in the liquors are the animal blood,
hair, disintegrated skin proteins (Gupta, 2014; Ganz and Nemeth, 2006;
Top, 2005) and wood ash (Karltun et al., 2008). The pawpaw leaves,
acacia pods and sorghum leaf sheaths also contain traces of total iron and
zinc ions (Singh et al., 2016; Abbasian et al., 2015; Nwofia et al., 2012;
Adetuyi et al., 2007). The alum tawing spent liquor had the highest levels
of aluminium ions originating from the application of aluminium sul-
phate in the solution. Wood ash is another source of aluminium ions
(Karltun et al., 2008) and pawpaw leaves are also known to contain some
concentrations of chromium (Sharma et al., 2013).

The levels of iron, total chromium and zinc ions in the different types
of wastewater met the Ghana EPA standard (10mgFe/L, 0.5mgCr/L and
10mgZn/L). There are however, no specified threshold concentrations
for AI*" in the Ghana EPA guidelines. Aluminium is a non-essential
nutrient in living things (Akpor and Muchie, 2011). Aluminium
toxicity in plants can inhibits growth, uptake of nutrients and subse-
quently reduce crop yield whilst in humans it is associated with brain
damage, nervous breakdown, memory loss, Alzheimers disease and
gastrointestinal disorders (Jaishankar et al., 2014). However, zinc being
an essential nutrient contributes to photosynthetic and growth processes,
energy production and protein synthesis in plants (Tsonev and Lidon,
2012).
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3.2.3. Biological parameters

The results on the microbial characteristics of the different liquors
and wastewaters are presented in Table 4. The means and the ranges are
reported. The source of these microbial organisms (bacteria and helminth
eggs) in the liquors could be from animal dung, dirt and manure trapped
in the hairs/wool of the animal skins, process materials such as the plant
parts (the pods and leaves are usually dried on the ground before use), or
from erosion of contaminated soils during rainfall or by wind into the pits
containing the liquors or wastewater. For the bacteriological analyses,
the total coliform count ranged from 0-1.5 x 10° in all the samples whilst
the count for E-coli was zero. The levels of E-coli in all the wastewaters
met the Ghana EPA permissible limit (10CFU/100mL) whiles the average
count of the faecal coliforms exceeded the stipulated threshold limit (400
CFU/mL).

Their occurrence is a probable indication of environmental and faecal
contamination of the liquors. It also depicts the presence of other path-
ogens in the liquors (Horan, 2003). The zero count recorded for E-coli and
the coliforms may be attributed to the possible destruction of the bac-
terial cells by the high pH of the liming liquor as was observed by Grabow
et al. (1978), the action of proteolytic enzymes (papain) in the pawpaw
leaves used in the deliming/bating liquor, antimicrobial properties of the
phenols (tannins, saponins and flavonoids) produced from the pods of the
acacia and the sorghum leaf sheaths used in the vegetable tanning, black
dye and red dye liquors (Ali Kauther Sir et al., 2020; Fayyad, 2014; Colak,
2006) as well as the high salt content, acidity and the excess aluminium
ions in the alum tawing wastewater (Abdulkarim et al., 2009; Hajmeer
et al., 2006; Bojic et al., 2002). Additionally, the high iron content of the
black dye liquor might also play an inhibitory role against the growth of
E-coli (Kalantari and Ghaffari, 2008).

Table 4 also shows the distribution of the helminth eggs in the
different liquors. The eggs identified in the process liquors/wastewater
were that of Ascaris lumbricoides (roundworms), hookworm (Ancylostoma
duodenale and Necator americanus), Trichuris trichiura (whipworm),
Strongyloides stercoralis (threadworm) and Enterobius vermicularis
(pinworm). These are human intestinal parasites typically found in
impoverished areas of tropical and sub-tropical regions of the world. Eggs
of Ascaris lumbricoides were the most predominant with the average count
in all the liquors/wastewaters summing up to 16.60eggs/L which
constitute 27.08% of the total number of eggs identified. Their high
prevalence could be related to their abundance in the environment and
also their ability to survive even under adverse environmental conditions
(Dold and Holland, 2011). The second most abundant egg was that of the
Enterobius vermicularis (15.70eggs/L; 25.61%) followed by Trichuris tru-
churia (10.10eggs/L; 16.48%), then Strongyloides stercoralis (9.8eggs/L;
15.99%), and then hookworm (9.10eggs/L; 14.85%).

Among all the liquors/wastewater, the vegetable tanning wastewater
bore the highest number eggs (19.2eggs/L; 31.02%) whilst the alum
tawing wastewater contained the least number. The average load of eggs
in each of the spent liquors exceeded the limit set by WHO (2006)
(<legg/L) and therefore, cannot be considered for crop irrigation. The
zero count recorded in the liquors could arise from the anthelminthic
effect of phenols (contained in the plant materials used in the vegetable
tanning, black dye and red dye liquors) (Ndjonka et al., 2014; Badar
et al., 2011), high acidity (as in the alum tawing wastewater) (Hindiyeh
and Al-Salem, 2004), papain, the proteolytic enzyme used in the delim-
ing/bating liquor (Buttle et al., 2011; Stepek et al., 2005) and the high
alkalinity and ammonia content of the liming liquor (Senecal et al., 2020;
Jensen et al., 2009). Viable eggs and larvae of these worms are known to
cause infection in man even at a low infective dose (Amoah et al., 2016).
Infection may occur after penetration into the skin by an infective larvae
or ingestion of the ova from contaminated hands, water, food or soil
(Squire et al., 2018). The infection usually manifests itself in various
diseases such as diarrhoea, undernutrition, abdominal bloating, kwash-
iorkor, stunted growth, lung and pelvis inflammation, low cognitive
ability and anaemia particularly in pregnant women (Fan et al., 2019;
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Manz et al., 2017; Hossain and Bhuiyan, 2016). Thus, the tanners who
practise poor personal hygiene and are inappropriately garbed in any
protective clothing or equipment may be at risk of infection.

4. Conclusion

This study revealed that the amounts of water consumed and waste-
water generated in the artisanal tannery are 1171 and 2120L/day and
820 and 1324L/day respectively. Much water is saved through the reuse
of some of the process liquors. The concentrations of most of the con-
taminants in the artisanal tannery wastewater also exceeded the
threshold limits set for wastewater discharge by the Ghana Environ-
mental Protection Agency. High levels of COD, BODs, turbidity, colour,
TSS, TDS, chlorides, sodium, sulphates, total nitrogen and faecal co-
liforms detected in the wastewater could result in destruction of water
bodies and toxicity in aquatic and terrestrial organisms. The count of the
different helminth egg species in the spent liquors (Ascaris lumbricoides,
Ancylostoma duodenale, Necator americanus, Trichuris trichiura, Strong-
yloides stercoralis, and Enterobius vermicularis) also exceeded the WHO
guidelines for irrigation. Evidently, the indiscriminate discharge of the
wastewater as practised by the tannery is a threat to human life and the
environment. It is therefore, recommended that further studies should be
carried out in development of efficient treatment systems to treat the
wastewater to safe limit for either reuse or safe discharge. The tanners
should also be educated on the use of personal protective equipment for
their safety.

Declarations
Author contribution statement

Miriam Appiah-Brempong & Samuel Kwame Dadzie: Conceived and
designed the experiments; Performed the experiments; Analyzed and
interpreted the data; Wrote the paper.

Helen Michelle Korkor Essandoh, Nana Yaw Asiedu & Francis War-
ings Yao Momade: Conceived and designed the experiments; Wrote the

paper.
Funding statement

This work was supported by the Regional Water and Environmental
Sanitation Centre Kumasi (RWESCK) at the Kwame Nkrumah University
of Science and Technology, Kumasi with funding from Ghana Govern-

ment through the World Bank under the Africa Centre’s of Excellence
project.

Data availability statement

Data included in article/supplementary material/referenced in
article.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information
No additional information is available for this paper.

References

Abbasian, K., Asgarpanah, J., Ziarati, P., 2015. Chemical composition profile of Acacia
nilotica seed growing wild in South of Iran. Orient. J. Chem. 31 (2), 1027-1033.

Abdulkarim, S.M., Fatimah, A.B., Anderson, J.G., 2009. Effect of salt concentrations on
the growth of heat-stressed and unstressed Escherichia Coli. J. Food Agric. Environ. 7
(3-4), 51-54.

Heliyon 7 (2021) e08680

Adetuyi, A.O., Akpambang, V.O.E., Oyetayo, V.O., Adetuyi, F.O., 2007. The nutritive
value and antimicrobial property of sorghum bicolor 1. stem (poporo) flour used as
food colour additive and its infusion drink. Am. J. Food Technol. 2 (2), 79-86.

Akbarimoghaddam, H., Galavi, M., Ghanbari, A., Panjehkeh, N., 2011. Salinity effects on
seed germination. Trakia J. Sci. 9 (1), 43-50.

Akpor, O.B., Muchie, M., 2011. Environmental and public health implications of
wastewater quality. Afr. J. Biotechnol. 10 (13), 2379-2387.

Al-Jaboobi, M., Tijane, M., El-ariqi, S., Housni El, A., Zouahri, A., Bouksaim, M., 2014.
Assessment of the impact of wastewater use on soil properties. J. Mater. Environ. Sci.
5 (3), 747-752.

Ali Kauther Sir, Elkhatim, Elsheikh Azza, M., Ahmed Hind, M., Hassan Huda, Abdu,
Hamza Nada, B., Osman Magdoleen, G., Daffalla Hussien, M., 2020. Phytochemical
screening and antibacterial activities of Sorghum bicolor leaves derived from in vitro
culture. GSC Biol. Pharm. Sci. 10 (1), 65-72. https://doi.org/10.30574/
gscbps.2020.10.1.0241.

Amanial, H.R., 2016. Physico-chemical characterization of tannery effluent and its impact
on the nearby river. J. Environ. Chem. Ecotoxicol. 8 (6), 44-50.

Amoah, I1.D., Abubakari, A., Stenstrom, T.A., Abaidoo, R.C., Seidu, R., 2016. Contribution
of wastewater irrigation to soil transmitted helminths infection among vegetable
farmers in Kumasi, Ghana. PLoS Neglected Trop. Dis. 10 (12), 1-12.

APHA, AWWA & WEF, 1999. Standard Methods for the Examination of Water and
Wastewater. 20th Ed. Washington, D.C..

Appiah-Brempong, M., Essandoh, H.M.K., Asiedu, N.Y., Dadzie, S.K., Momade, F.W.Y.,
2020. An insight into artisanal leather making in Ghana. J. Leather Sci. Eng. 2 (25),
1-14.

Badar, N., Igba, Z., Khan, M.N., Akhtar, M.S., 2011. In vitro and in vivo anthelmintic
activity of Acacia Nilotica (L.) Wild. Ex Delile Bark and leaves. Pak. Vet. J. 31 (3),
185-191.

Bashir, M.T., Ali, S., Bashir, A., 2012. Health effects from exposure to sulphates and
chlorides in drinking water. Pakistan J. Medical Health Sci. 6 (3), 648-652.

Beghetto, V., Zancanaro, A., Scrivanti, A., Matteoli, U., Pozza, G., 2013. The Leather
industry : A chemistry insight Part I: An overview of the industrial process. Sciences
At Ca’ Foscari 12-22.

Benson, K.F., Beaman, J.L., Ou, B., Okubena, A., Okubena, O., Jensen, G.S., 2013. West
African sorghum bicolor leaf sheaths have anti-inflammatory and immune-
modulating properties in Vitro. J. Med. Food 16 (3), 230-238.

Bilotta, G.S., Brazier, R.E., 2008. Understanding the influence of suspended solids on
water quality and aquatic biota. Water Res. 42 (12), 2849-2861.

Blinn, C.M., Biggee, B.A., McAlindon, T.E., Nuite, M., Silbert, J.E., 2006. Sulphate and
osteoarthritis: decrease of serum sulphate levels by an additional 3-h fast and a 3-h
glucose tolerance test after an overnight fast. Ann. Rheum. Dis. 65, 1223-1225.

Boahin, J.0.B., Asubonteng, K., Adu-Gyamfi, V.E., 2013. Sanative measures against
offensive odour that affect indigenous tanned leathers In Ghana. JUST 33 (1), 68-74.

Boji¢, A., Purenovi¢, M., Koci¢, B., Mihailovi¢, D., Boji¢, D., 2002. The comparison of
aluminium effects and its uptake by escherichia coli in different media. Cent. Eur. J.
Publ. Health 10 (1-2), 66-71.

Buljan, J., Reich, G., Ludvik, J., 2000. Mass Balance in Leather Processing. Regional
Programme for Pollution Control in the Tanning Industry in South-East Asia. UNIDO.

Buttle, D.J., Behnke, J.M., Bartley, Y., Elsheikha, H.M., Bartley, D.J., Garnett, M.C.,
Donnan, A.A., Jackson, F., Lowe, A., Duce, L.R., 2011. Oral dosing with papaya latex
is an effective anthelmintic treatment for sheep infected with Haemonchus Contortus.
Parasites Vectors 4 (36), 1-11.

Chowdhury, Manjushree, Mostafa, M.G., Biswas, T.K., Saha, A.K., 2013. Treatment of
leather industrial effluents by filtration and coagulation processes. Water Resour. Ind.
3,11-22.

Colak, S.M., 2006. Soaking with Tannins: the biocidal activity of vegetable tannins used
in the soaking float. J. Soc. Leather Technol. Chem. 90 (5), 193-196.

Corwin, D.L., Yemoto, K., 2017. Salinity: electrical conductivity and total dissolved solids.
Method. Soil Analy. 2, 1-16.

Covington, A.D., 1997. Modern tanning chemistry. Chem. Soc. Rev. 111-126.

Daly, R.M., Ebeling, P.R., 2010. Is excess calcium harmful to health? Nutrients 2,
505-522.

Dargo, H., Ayalew, A., 2014. Tannery wastewater treatment: a review. Int. J. Emerg.
Trends Sci. and Technol. 1 (9), 1488-1494.

Dixit, S., Yadav, A., Dwivedi, P.D., Das, M., 2015. Toxic hazards of leather industry and
technologies to combat threat : a Review. J. Clean. Prod. 87, 39-49.

Dold, C., Holland, C.V., 2011. Ascaris and ascariasis. Microb. Infect. 13, 632-637.

Doughari, J.H., 2012. Phytochemicals: extraction Methods, basic structures and mode of
action as potential chemotherapeutic agents. Phytochemicals — A Global Perspective
of Their Role in Nutrition and Health. Intechopen, Croatia, pp. 1-32.

Elgailani, I.E.H., Ishak, C.J., 2016. Methods for extraction and characterization of tannins
from some Acacia species of Sudan. Pak. J. Anal. Environ. Chem. 17 (1), 43-49.
European-commission, 2003. Reference Document on Best Available Techniques for the

Tanning of Hides and Skins.

Ezenwe, U., Diike, E., Duru, M., Bello, A., Thuoma, A., 2001. Technological Capability in
the Nigerian Leather Industry: A Firm-Level Case Study, 26. Nairobi.

Falcao, L., Aradjo, M.E.M., 2018. Vegetable tannins used in the manufacture of historic
leathers. Molecules 23, 81-120.

Fan, C., Chuang, T.-W., Huang, Y.-C., Yin, A.-W., Chou, C., Hsu, Y., Kios, R., Hsu, S.,
Wang, Y., Wu, M., Lin, J., Briand, K., Tu, C., 2019. Enterobius Vermicularis infection :
prevalence and risk factors among preschool children in kindergarten in the capital
area , Republic of the Marshall Islands. BMC Infect. Dis. 19 (536), 1-7.

Farhad, A., Mohammadi, Z., 2005. Calcium hydroxide : a review. Int. Dent. J. 55,
293-301.

Fayyad, M.K., 2014. Testing the Efficiency of Acacia bark (Galool-Asal) as disinfectant for
polluted waters. J. Water Resour. Protect. 6, 157-164.


http://refhub.elsevier.com/S2405-8440(21)02783-3/sref1
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref1
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref1
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref2
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref2
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref2
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref2
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref2
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref3
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref3
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref3
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref3
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref4
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref4
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref4
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref5
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref5
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref5
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref6
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref6
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref6
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref6
https://doi.org/10.30574/gscbps.2020.10.1.0241
https://doi.org/10.30574/gscbps.2020.10.1.0241
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref8
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref8
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref8
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref9
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref9
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref9
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref9
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref9
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref10
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref10
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref10
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref11
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref11
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref11
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref11
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref12
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref12
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref12
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref12
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref13
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref13
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref13
http://refhub.elsevier.com/S2405-8440(21)02783-3/opt7B1yVqmszs
http://refhub.elsevier.com/S2405-8440(21)02783-3/opt7B1yVqmszs
http://refhub.elsevier.com/S2405-8440(21)02783-3/opt7B1yVqmszs
http://refhub.elsevier.com/S2405-8440(21)02783-3/opt7B1yVqmszs
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref14
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref14
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref14
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref14
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref15
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref15
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref15
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref16
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref16
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref16
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref16
http://refhub.elsevier.com/S2405-8440(21)02783-3/opttkecQ82EoD
http://refhub.elsevier.com/S2405-8440(21)02783-3/opttkecQ82EoD
http://refhub.elsevier.com/S2405-8440(21)02783-3/opttkecQ82EoD
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref17
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref18
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref18
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref19
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref19
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref19
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref19
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref19
http://refhub.elsevier.com/S2405-8440(21)02783-3/optfI9HZJU3rI
http://refhub.elsevier.com/S2405-8440(21)02783-3/optfI9HZJU3rI
http://refhub.elsevier.com/S2405-8440(21)02783-3/optfI9HZJU3rI
http://refhub.elsevier.com/S2405-8440(21)02783-3/optfI9HZJU3rI
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref20
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref20
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref20
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref21
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref21
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref21
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref22
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref22
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref23
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref23
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref23
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref24
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref24
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref24
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref25
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref25
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref25
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref26
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref26
http://refhub.elsevier.com/S2405-8440(21)02783-3/optmyjKTy3z1d
http://refhub.elsevier.com/S2405-8440(21)02783-3/optmyjKTy3z1d
http://refhub.elsevier.com/S2405-8440(21)02783-3/optmyjKTy3z1d
http://refhub.elsevier.com/S2405-8440(21)02783-3/optmyjKTy3z1d
http://refhub.elsevier.com/S2405-8440(21)02783-3/optmyjKTy3z1d
http://refhub.elsevier.com/S2405-8440(21)02783-3/optjYP8fOFp3x
http://refhub.elsevier.com/S2405-8440(21)02783-3/optjYP8fOFp3x
http://refhub.elsevier.com/S2405-8440(21)02783-3/optjYP8fOFp3x
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref27
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref27
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref28
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref28
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref29
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref29
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref29
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref29
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref30
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref30
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref30
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref30
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref30
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref31
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref31
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref31
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref32
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref32
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref32

M. Appiah-Brempong et al.

Fletcher, J.C., Robson, A., Todd, J., 1963. The sulphur balance in wool. Biochemist 87 (3),
560-567.

Fontenot, S., Lee, S., Asche, K., 2013. The Effects of Chloride from Waste Water on the
Environment. University of Minnesota Morris.

Ganz, T., Nemeth, E., 2006. Regulation of iron acquisition and iron distribution in
mammals. Biochim. Biophys. Acta 1763 (7), 690-699.

Gebremichael, B., 2016. Traditional leather processing, production and marketing in
ambhara regional state of Ethiopia. OALib J. 3 (12), 1-17.

Genawi, N.M., Ibrahim, M.H., El-Naas, M.H., Alshaik, A.E., 2020. Chromium removal
from tannery wastewater by electrocoagulation: Optimization and sludge
characterization. Water 12 (5), 1-12.

GEPA (Ghana Environmental Protection Agency), 2016. General Environmental Quality
Standards (Ghana). Kumasi, Ashanti Region, Ghana: n.d.

Glazer, A.N., Smith, E.L., 1965. The sulphur distribution of papain *. J. Biol. Chem. 240
(1), 201-298.

Grabow, W K., Middendorff, I.G., Basson, N.C., 1978. Role of lime treatment in the
removal of bacteria , enteric viruses , and coliphages in a wastewater reclamation
plant. Appl. Environ. Microbiol. 35 (4), 663-669.

Gumel, M.S., Ali, U., 2012. Preliminary investigation of a colouring matter extract from
sorghum bicolor sheaths and its application to textile substrates. BAJOPAS 5 (1),
17-19.

Gupta, C.P., 2014. Role of iron (Fe) in body. IOSR-JAC 7 (2), 38-46.

Gutterres, M., Benvenuti, J., Fontoura, J.T., Ortiz-Monsalve, S., 2015. Characterization of
raw wastewater from tanneries. J. Soc. Leather Technol. Chem. 99 (6), 280-287.

Hajmeer, M., Celan, E., Marsden, J.L., Fung, Y.C.D., 2006. Impact of sodium chloride on
Escherichia Coli 0157:H7 and Staphylococcus Aureus analysed using transmission
electron microscopy. Food Microbiol. 23, 446-452.

He, B.B., Gerpen van, J.H., Thompson, J.C., 2009. Sulfur content in selected oils and fats
and their corresponding methyl esters. Appl. Eng. Agric. 25 (2), 223-226.

He, Q., Yao, K., Sun, D., Shi, B., 2007. Biodegradability of tannin-containing wastewater
from leather industry. Biodegradation 18, 465-472.

Hindiyeh, M.Y., Al-Salem, S., 2004. Integrated Guide to Sanitary Parasitology. 2. World
Health Organisation, Amman, Ghana.

Horan, N.J., 2003. Faecal indicator organisms. In: Mara, D., Horan, N. (Eds.), Handbook
of Water and Wastewater Microbiology. Academic Press, pp. 105-112.

Hossain, M., Bhuiyan, J.U., 2016. Hookworm Infection: a neglected tropical disease of
mankind. J. Adv. Vet. Anim 3 (4), 297-320.

Tlou, I., Souabi, S., Digua, K., 2014. Quantification of pollution discharges from tannery
wastewater and pollution reduction by pre-treatment station. Int. J. Sci. Res. 3 (5),
1706-1715.

Islam, B.I., Musa, A.E., Ibrahim, E.H., Sharafa, S.A.A., Elfaki, B.M., 2014. Evaluation and
characterization of tannery wastewater. J. For. Prod. Ind. 3 (3), 141-150.

Jaishankar, M., Tseten, T., Anbalagan, N., Mathew, B.B., Beeregowda, K.N., 2014.
Toxicity, mechanism and health effects of some heavy metals. Interdiscipl. Toxicol. 7
(2), 60-72.

Jensen, P.K., Phuc, P.D., Konradsen, F., Klank, L.T., Dalsgaard, A., 2009. Survival of
Ascaris eggs and hygienic quality of human excreta in Vietnamese composting
latrines. Environ. Health 8 (57), 1-9.

Jeremiason, J.D., Engstrom, D.R., Swain, E.B., Nater, E.A., Johnson, B.M.,

Almendinger, J.E., 2006. Sulfate addition increases methylmercury production in an
experimental wetland. Environ. Sci. Technol. 40 (12), 3800-3806.

Kabir, M.M., Fakhruddin, A.N.M., Chowdhury, M.A.Z., Fardous, Z., Islam, R., 2017.
Characterization of tannery effluents of Hazaribagh area , Dhaka, Bangladesh.
Pollution 3 (3), 395-406.

Kalantari, N.F., Ghaffari, S., 2008. Evaluation of toxicity of heavy metals for Escherichia
Coli Growth. Iran. J. Environ. Health. Sci. Eng. 5 (3), 173-178.

Karltun, E., Ingerslev, M., Mandre, M., 2008. Wood Ash recycling — possibilities and risks.
In: Roser, D., Asikainen, A., Raulund-Rasmussen, K., Stupak, I. (Eds.), Sustainable Use
of forest Biomass for Energy: a Synthesis with Focus on the Baltic and Nordic Region.
Springer, Dordrecht, The Netherlands, pp. 79-108.

Kayodé, A.P.P., Nout, M.J.R., Linnemann, A.R., Hounhouigan, J.D., Berghofer, E.,
Siebenhandl-Ehn, S., 2011. Uncommonly high levels of 3-deoxyanthocyanidins and
antioxidant capacity in the leaf sheaths of dye sorghum. J. Agric. Food Chem. 59 (4),
1178-1184.

Kemp, P., Sear, D., Collins, A., Naden, P., Jones, L., 2011. The impacts of fine sediment on
riverine fish. Hydrol. Process. 25, 1800-1821.

Knutsson, G., 1994. Acidification effects on groundwater - prognosis of the risks for the
future. IAHS Publ. 222, 3-17.

Kumar, M., Puri, A., 2012. A review of permissible limits of drinking water. Indian J.
Occup. Environ. Med. 16 (1), 40-44.

Lamers, L.P.M., Sarah, J.F., Samborska, E.M., Dulken van, I.A.R., Hengstum van, G.,
Roelofs, J.G.M., 2002. Factors controlling the extent of eutrophication and toxicity in
sulfate-polluted freshwater wetlands. Limnol. Oceanogr. 47 (2), 585-593.

Lavelle, P., Chauve, A., Fragoso, C., 1995. Faunal activity in acid soils. In: Date, R.A.,
Grundon, N.J., Rayment, G.E., Probert, M.E. (Eds.), Plant-soil Interactions at Low Ph:
Principles and Management. Springer, Dordrecht, pp. 201-211.

Liu, M.C., Chen, C.M., Cheng, H.Y., Chen, H.Y., Su, Y.C., Hung, T.Y., 2002. Toxicity of
different industrial effluents in taiwan: a comparison of the sensitivity of Daphnia
Similis and Microtox. Environ. Toxicol. 17 (2), 93-97.

Lofrano, G., Meric, S., Zengin, G.E., Orhon, D., 2013. Chemical and biological treatment
technologies for leather tannery chemicals and wastewaters: a Review. Sci. Total
Environ. 461-462, 265-281.

Madhavi, J., Srilakshmi, J., Rao, M.V.R., Rao, K.R.S.S., 2011. Efficient leather dehairing
by bacterial thermostable protease. Int. J. Bio-Sci. Bio-Techn. 3 (4), 11-26.

Mahdi, H., Palmina, K., Glavtch, 1., 2006. Characterization of Acacia nilotica as an
indigenous tanning material of Sudan. J. Trop. For. Sci. 18 (3), 181-187.

Heliyon 7 (2021) e08680

Manz, K.M., Clowes, P., Kroidl, I., Kowuor, D.O., Geldmacher, C., Ntinginya, N.E.,
Maboko, L., Hoelscher, M., Saathoff, E., 2017. Trichuris trichiura infection and its
relation to environmental factors in Mbeya region, Tanzania: A cross-sectional,
population-based study. PLoS One 12 (4), 1-16.

Maria, C., Silva, M.D.S., Fay, E.F., 2012. Effect of salinity on soil microorganisms. In: Maria, C.,
Soriano, H. (Eds.), Soil Health and Land Use Management. InTech, Croatia, pp. 177-198.

Mittal, G.S., 2004. Characterization of the effluent wastewater from abattoirs for land
application. Food Rev. Int. 20 (3), 229-256.

Muthukkauppan, M., Parthiban, P., 2018. A study on the physicochemical characteristics
of tannery effluents collected from Chennai. Int. Res. J. Eng. Technol. 5 (3), 24-28.

Nacheva, Mijaylova P., Moeller Chavez, G., Judrez Herrera, M., 2004. Alternative
treatment strategy for tannery water reuse and material recovery. Water Sci. Technol.
50 (2), 121-130.

Ndjonka, D., Abladam, E.D., Djafsia, B., Ajonina-Ekoti, I., Achukwi, M.D., Liebau, E.,
2014. Anthelmintic activity of phenolic acids from the axlewood tree anogeissus
leiocarpus on the filarial nematode onchocerca ochengi and drug-resistant strains of
the free-living nematode Caenorhabditis elegans. J. Helminthol. 88 (4), 481-488.

Nwofia, G.E., Ojimelukwe, P., Eji, C., 2012. Chemical composition of leaves, fruit pulp
and seeds in some Carica Papaya (L) morphotypes. Int. J. Med. Aromatic Plants 2 (1),
200-206.

OMRYI, 2015. Aluminum Sulfate.

Ortolani, E.L., Junior, R.A.B., Sucupira, M.C.A., Maruta, C.A., 2001. Variables on the
blood inorganic sulphate concentration in cattle. Cienc. Rural, Santa Maria 31 (3),
431-434.

Paltahe, A., Cornelius, T., Sambo, B., Christian, D., Teri, T., Rallet, D., Wahabou, A., 2019.
Physico-chemical characterization of local tannery waste water before and after
flocculation treatment. Int. J. Chem. 11 (2), 77-85.

Pitman, R.M., 2006. Wood ash use in forestry - a review of the environmental impacts.
Forestry 79 (5), 563-588.

Ramanujam, R.A., Ganesh, R., Kandasamy, J., 2010. Wastewater treatment technology for
tanning industry. In: Vigneswann, S. (Ed.), Wastewater Treatment Technologies.
Encyclopedia of Life Support Systems (EOLSS), pp. 116-136.

Reis, P.J., Tunks, D.A., Williams, O.B., Williams, A.J., 1967. A relationship between
sulphur content of wool and wool production by Merino sheep. Aust. J. Biol. Sci. 20
(1), 153-163.

Rousk, J., Brookes, P.C., Baath, E., 2009. Contrasting soil pH Effects on fungal and
bacterial growth suggest functional redundancy in carbon mineralization. Appl.
Environ. Microbiol. 75 (6), 1589-1596.

Ryan, P.A., 1991. Environmental effects of sediment on New Zealand streams: a Review.
N. Z. J. Mar. Freshw. Res. 25 (2), 207-221.

Sathiyamoorthy, M., Selvi, V., Mekonnen, D., Habtamu, S., 2013. Preparation of eco-
friendly leather by process modifications to make pollution free tanneries. J. Eng.
Comp. Appl. Sci. 2 (5), 17-22.

Sawalha, H., Alsharabaty, R., Sarsour, S., Al-Jabari, M., 2019. Wastewater from leather
tanning and processing in Palestine: characterization and management aspects.

J. Environ. Manag. 251, 1-8.

Saviozzi, A., Cardelli, R., Cipolli, S., Levi-Minzi, R., Riffaldi, R., 2006. Sulphur
mineralization kinetics of cattle manure and green waste compost in soils. Waste
Manag. Res. 24, 545-551.

Schrank, S.G., José, H.J., Moreira, R.F.P.M., Schroder, H.F., 2004. Comparison of different
advanced oxidation process to reduce toxicity and mineralisation of tannery
wastewater. Water Sci. Technol. 50 (5), 329-334.

Schwartzbrod, J., 1998. Methods of Analysis of Helminth Eggs and Cysts in Wastewater,
Sludge, Soils and Crop. Nancy, France.

Senecal, J., Nordin, A., Vinneras, B., 2020. Fate of Ascaris at various pH, temperature and
moisture levels. J. Water Health 18 (3), 375-382.

Serafimova, E.K., Mladenov, M., Mihailova, L., Pelovski, Y., 2011. Study on the
characteristics of waste wood ash. J. Univ. Chem. Technol. Met. (1), 31-34.

Sharma, D.K., Tiwari, B., Singh, R.K., Sahu, S., Mathur, S.C., Singh, R.M., Singh, G.N.,
2013. Estimation of minerals in Carica papaya L. leaf found in Northern India by
using ICP-OES Technique. Int. J. Sci. Eng. Res. 4 (6), 1012-1019.

Sherrard, J.H., Moore, D.R., Dillaha, T.A., 1987. Total dissolved solids: determination,
sources, effects, and removal. J. Environ. Educ. 18 (2), 19-24.

Shin, K.W., Kim, S.H., Kim, J.H., Hwang, S.D., Kang, J.C., 2016. Toxic effects of ammonia
exposure on growth performance, hematological parameters, and plasma components
in Rockfish, Sebastes Schlegelii, during thermal stress. Fish Aquatic Sci 19 (44), 1-8.

Singh, S., Ahlawat, S.P., Anele, U.Y., Kumar, R.B., 2016. Evaluation of Acacia nilotica
seeds for protein and carbohydrate fractions, gas production, energy value and
mineral contents from diverse locations in India. Anim. Nutr. Feed 16, 325-335.

Skinner, L., 2007. A visit to a traditional leather tannery in Central Sudan. Sudan Nubia
11, 125-126.

Soveri, J., 1992. Acidifying effects on groundwater. Stud. Environ. Sci. 50, 135-143.

Squire, S.A., Yang, R., Robertson, 1., Ayi, 1., Squire, D.S., Ryan, U., 2018. Gastrointestinal
helminths in farmers and their ruminant livestock from the coastal savannah zone of
Ghana. Parasitol. Res. 117 (10), 3183-3194.

Steiner, F., Zoz, T., Junior, A.S.P., Castagnara, D.D., Dranski, J.A.L., 2012. Effects of
Aluminum on plant growth and nutrient uptake in young physic nut plants. Semina
Ciéncias Agrarias 33 (5), 1779-1788.

Stepek, G., Buttle, D.J., Duce, LR., Lowe, A., Behnke, J.M., 2005. Assessment of the
anthelmintic effect of natural plant cysteine proteinases against the gastrointestinal
nematode, Heligmosomoides Polygyrus, in Vitro. Parasitology 130 (2), 203-211.

Sun, H., Li, Z., Bai, J., Memon, S.A., Dong, B., Fang, Y., Xu, W., Xing, F., 2015. Properties
of chemically combusted calcium carbide residue and its influence on cement
properties. Materials 8 (2), 638-651.

Sundar, J.V., Ramesh, R., Rao, P.S., Saravanan, P., Sridharnath, B., Muralidharan, C.,
2001. Water management in leather industry. J. Sci. Ind. Res. 60, 443-450.


http://refhub.elsevier.com/S2405-8440(21)02783-3/sref33
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref33
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref33
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref34
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref34
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref35
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref35
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref35
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref36
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref36
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref36
http://refhub.elsevier.com/S2405-8440(21)02783-3/opteZ7O81DjNN
http://refhub.elsevier.com/S2405-8440(21)02783-3/opteZ7O81DjNN
http://refhub.elsevier.com/S2405-8440(21)02783-3/opteZ7O81DjNN
http://refhub.elsevier.com/S2405-8440(21)02783-3/opteZ7O81DjNN
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref37
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref37
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref38
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref38
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref38
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref38
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref39
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref39
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref39
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref39
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref40
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref40
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref40
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref40
http://refhub.elsevier.com/S2405-8440(21)02783-3/optN86MnAhkRN
http://refhub.elsevier.com/S2405-8440(21)02783-3/optN86MnAhkRN
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref41
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref41
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref41
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref42
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref42
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref42
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref42
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref43
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref43
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref43
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref44
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref44
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref44
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref45
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref45
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref46
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref46
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref46
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref47
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref47
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref47
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref48
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref48
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref48
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref48
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref49
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref49
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref49
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref50
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref50
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref50
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref50
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref51
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref51
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref51
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref51
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref52
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref52
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref52
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref52
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref53
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref53
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref53
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref53
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref54
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref54
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref54
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref55
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref55
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref55
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref55
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref55
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref55
http://refhub.elsevier.com/S2405-8440(21)02783-3/optYfmBF7DzTW
http://refhub.elsevier.com/S2405-8440(21)02783-3/optYfmBF7DzTW
http://refhub.elsevier.com/S2405-8440(21)02783-3/optYfmBF7DzTW
http://refhub.elsevier.com/S2405-8440(21)02783-3/optYfmBF7DzTW
http://refhub.elsevier.com/S2405-8440(21)02783-3/optYfmBF7DzTW
http://refhub.elsevier.com/S2405-8440(21)02783-3/optYfmBF7DzTW
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref56
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref56
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref56
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref57
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref57
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref57
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref58
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref58
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref58
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref60
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref60
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref60
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref60
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref61
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref61
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref61
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref61
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref62
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref62
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref62
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref62
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref63
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref63
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref63
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref63
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref63
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref64
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref64
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref64
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref65
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref65
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref65
http://refhub.elsevier.com/S2405-8440(21)02783-3/optAcxcJ70b7x
http://refhub.elsevier.com/S2405-8440(21)02783-3/optAcxcJ70b7x
http://refhub.elsevier.com/S2405-8440(21)02783-3/optAcxcJ70b7x
http://refhub.elsevier.com/S2405-8440(21)02783-3/optAcxcJ70b7x
http://refhub.elsevier.com/S2405-8440(21)02783-3/optAcxcJ70b7x
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref66
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref66
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref66
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref68
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref68
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref68
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref69
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref69
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref69
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref67
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref67
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref67
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref67
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref67
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref67
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref70
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref70
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref70
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref70
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref70
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref71
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref71
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref71
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref71
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref72
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref73
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref73
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref73
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref73
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref74
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref74
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref74
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref74
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref75
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref75
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref75
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref76
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref76
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref76
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref76
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref77
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref77
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref77
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref77
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref78
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref78
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref78
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref78
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref79
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref79
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref79
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref80
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref80
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref80
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref80
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref81
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref81
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref81
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref81
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref82
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref82
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref82
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref82
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref83
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref83
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref83
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref83
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref83
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref83
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref84
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref84
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref85
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref85
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref85
http://refhub.elsevier.com/S2405-8440(21)02783-3/optoZ0sVA5mRC
http://refhub.elsevier.com/S2405-8440(21)02783-3/optoZ0sVA5mRC
http://refhub.elsevier.com/S2405-8440(21)02783-3/optoZ0sVA5mRC
http://refhub.elsevier.com/S2405-8440(21)02783-3/optubZXg05LjW
http://refhub.elsevier.com/S2405-8440(21)02783-3/optubZXg05LjW
http://refhub.elsevier.com/S2405-8440(21)02783-3/optubZXg05LjW
http://refhub.elsevier.com/S2405-8440(21)02783-3/optubZXg05LjW
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref86
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref86
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref86
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref87
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref87
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref87
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref87
http://refhub.elsevier.com/S2405-8440(21)02783-3/opt1wxYRVTxBJ
http://refhub.elsevier.com/S2405-8440(21)02783-3/opt1wxYRVTxBJ
http://refhub.elsevier.com/S2405-8440(21)02783-3/opt1wxYRVTxBJ
http://refhub.elsevier.com/S2405-8440(21)02783-3/opt1wxYRVTxBJ
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref88
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref88
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref88
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref89
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref89
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref90
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref90
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref90
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref90
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref91
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref91
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref91
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref91
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref91
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref91
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref92
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref92
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref92
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref92
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref93
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref93
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref93
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref93
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref94
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref94
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref94

M. Appiah-Brempong et al.

Thakuria, D., Hazarika, S., Krishnappa, R., 2016. Soil acidity and management options.
Indian J. Fertilis. 12 (12), 40-56.

Thanikaivelan, P., Rao, J.R., Nair, U.B., Ramasami, T., 2005. Technology recent trends in
leather making: processes , problems, and pathways recent trends in leather making:
processes, problems , and pathways. Crit. Rev. Environ. Sci. Technol. 35 (1), 37-79.

Top van den, A.M., 2005. Reviews on the mineral Provision in Ruminants (XII): Zinc
Metabolism and Requirement in Ruminants. Groenekan, The Netherlands.

Tsonev, T., Lidon, F.J.C., 2012. Zinc in plants - an overview. Emir. J. Food Agric. 24 (4),
322-333.

UNIDO, 2007. Water Productivity in the Industry-UNIDO Technology Foresight Summit.

Vinten, A.J.A., Mlngelgrin, U., Yaron, B., 1983. The effect of suspended solids in
wastewater on soil hydraulic conductivity: II. Vertical distribution of suspended
solids 1. Soil Sci. Soc. Am. J. 47, 408-412.

10

Heliyon 7 (2021) 08680

Weber-Scannell, P.K., Duffy, L.K., 2007. Effects of total dissolved solids on aquatic
organisms: a review of literature and recommendation for Salmonid species. Am. J.
Environ. Sci. 3 (1), 1-6.

WHO, 2003. Hydrogen Sulfide in Drinking-Water. Geneva, Switzerland.

WHO, 2004. Sulfate in Drinking-Water: Background Document for Development of WHO
Guidelines for Drinking-Water Quality.

WHO, 2011. Hardness in Drinking Water. Geneva.

WHO, 2006. Guidelines for the Safe Use of Wastewater, Excreta and Greywater:
Wastewater Use in Agriculture (Volume 2). Geneva, Switzerland.

Zaruwa, M.Z., Kwaghe, Z.E., 2014. Traditional tannery and dyeing (yirie) methods. In:
Emeagwali, G., Dei, G.J.S. (Eds.), African Indigenous Knowledge and the Disciplines.
Anti-colonial Educational Perspectives for Transformative Change. SensePublishers,
Rotadam, pp. 29-33.


http://refhub.elsevier.com/S2405-8440(21)02783-3/sref95
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref95
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref95
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref96
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref96
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref96
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref96
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref97
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref97
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref98
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref98
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref98
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref99
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref100
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref100
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref100
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref100
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref101
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref101
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref101
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref101
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref102
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref103
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref103
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref104
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref105
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref105
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref106
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref106
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref106
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref106
http://refhub.elsevier.com/S2405-8440(21)02783-3/sref106

	Artisanal tannery wastewater: quantity and characteristics
	1. Introduction
	1.1. General processes in artisanal leather production in Ghana

	2. Materials and methods
	2.1. Data collection
	2.1.1. Quantification of water demand and wastewater generation
	2.1.2. Wastewater sample collection and characterisation


	3. Results and discussion
	3.1. Water use and wastewater generation at the artisanal tannery
	3.2. Characteristics of the artisanal tannery spent and unspent liquors
	3.2.1. Physical parameters
	3.2.2. Chemical parameters
	3.2.3. Biological parameters


	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


