Environ Monit Assess (2022) 194: 586
https://doi.org/10.1007/s10661-022-10216-3

®

Check for
updates

Ecotoxicological impacts of industrial effluents on irrigation
water quality, animal health and the role of calcium alginate

in effluents treatment

Hanaa Abdel Atty Zeid - Moustafa Mohsen El-Zayat -

Abeer El-Said Abdrabouh

Received: 29 December 2021 / Accepted: 20 June 2022 / Published online: 15 July 2022

© The Author(s) 2022

Abstract The effluents discharged from Mansoura
Company for Resins and Chemicals Industry were eval-
uated for drinking and irrigation purposes. Calcium-
alginate beads were used for effluents treatment in
this study. Young male rats were also allowed to drink
effluents at different concentrations (10%, 50%, 100%)
and treated 100% effluents with calcium-alginate for
11 weeks. Results indicated high concentrations of
some physicochemical parameters and Cd, Co, Fe,
Mn, Ni, Pb, and Zn in effluents that exceeded the per-
missible limits for drinking and irrigation purposes.
Treatment by calcium-alginate alleviate heavy metals
concentration but did not affect the physicochemi-
cal parameters. Depending on effluents concentra-
tion, the liver of young male rats showed high accu-
mulation of Fe, Mn, Zn, Pb, Cd, Co, Cu, Cr, and Ni
compared to the control group. Serum levels of liver
enzymes, total bilirubin significantly increased while
total protein, and albumin contents decreased in efflu-
ent groups. Liver concentrations of malondialdehyde
and protein carbonyl significantly elevated along with
significant decrease in superoxide dismutase, catalase,
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glutathione-S-transferase activities, and glutathione
content. Moreover, growth and thyroid hormones were
significantly reduced along with significant elevation
in thyroid stimulating hormone. This was accompa-
nied by significant decrease in the body weight, espe-
cially with 100% effluents concentration compared to
control group. Also, histological investigations of both
liver and thyroid gland using hematoxylin and eosin
showed distortion in the structure of both organs espe-
cially with 50% and 100% effluent groups. However,
treatment of effluents by calcium-alginate improved
these changes. The study revealed that calcium-
alginate are effective biosorbents for heavy metals and
consequently decrease animal and human health haz-
ards, but further studies are needed to alleviate phys-
icochemical characteristics.

Keywords Industrial effluents - Heavy metals -
Irrigation indices - Liver - Thyroid gland -
Hematology

Introduction

The scarcity of freshwater is a major challenge in
Egypt that goes with the increase in population
growth (El-Rawy et al., 2020). Water resources used
for agricultural activities may be of poor-quality
resulting from either natural or anthropogenic con-
tamination or even both (Abugu et al., 2021). It was
reported that more than 10% of the global population

@ Springer


http://orcid.org/0000-0002-3973-2538
http://crossmark.crossref.org/dialog/?doi=10.1007/s10661-022-10216-3&domain=pdf

586 Page 2 of 25

Environ Monit Assess (2022) 194: 586

consume agriculture-based products irrigated by
wastewater (Kesari et al., 2021).

The direct disposal of effluents from various indus-
tries in a nearby water body without any treatment
is a common practice in several countries including
Egypt. Most industries do not have a plan for effluent
treatment, and even if they have, they are not imple-
mented because of the cost (Barmon et al., 2018;
Channa et al., 2020). Unfortunately, the disposed
effluents in drains are connected to several canals
used for agricultural activities, either for irrigation
or watering livestock (Islam et al., 2020). Irrigation
with industrial effluents either directly or mixed with
canals water exhibited high risk (Ungureanu et al.,
2020). The sources of risk are represented in organic,
inorganic, and pathogenic contamination (Chaoua
et al., 2019). Among various contaminants, heavy
metals are known to have slow degradation, and high
potential for accumulation and biomagnification caus-
ing toxicity through food chains (Tang et al., 2013).
Chaoua et al. (2019); Mahfooz et al. (2020) illustrated
that because heavy metals are non-biodegradable
and have long biological half-life, they can be accu-
mulated at depth of 20 cm of topsoil and absorbed
through plant roots. Therefore, human and animal
consumption of leafy vegetables expose them to
health risk. On the other hand, several studies recom-
mended that application of untreated effluents in irri-
gation may lead to soil erosion results from increas-
ing soil salinity followed by sodium accumulation.
The latter can deteriorate the soil and decrease soil
permeability which in turn can reduce the uptake of
nutrients by crops from the soil (Kesari et al., 2021;
Obasi et al., 2021; Assegide et al., 2022). Measure-
ments of electrical conductivity, pH, total dissolved
solids, major anions, and cations in addition to some
heavy metals such as Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb,
and Zn along with chemical oxygen demand (COD)
as an indicator for organic pollution are necessary to
evaluate the healthiness of water to be suitable for
irrigation and/or drinking (Bauder et al., 2014; Omer,
2019).

In Mansoura city, Mansoura Company for Resins
and Chemicals Industry (MRI) is a pioneer in the
production of formaldehyde, urea, phenolic resins
including molding powder, brake lining, foundry res-
ins, and other chemicals in Egypt, the Middle East,
and Africa (El-Agrody et al., 2018). The illegal dis-
charge of large amounts of untreated effluents directly
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to the nearest water body represents an environmen-
tal problem. Several farmers ignore the deleterious
effects of these xenobiotics, where water mixed with
effluent components may be used for agricultural
activities.

The assessment of systemic toxicity of untreated
MRI effluents using a mammalian test model will be
more relevant to the health of livestock. Biomark-
ers of systemic toxicity in mammals depend mostly
on biochemical, histopathological, and hematologi-
cal analyses to clarify the possible mechanisms of
toxicity and tissue damage after exposure to a mix-
ture of xenobiotics (Adoeoye et al., 2015; Balali-
Mood et al.,, 2021). The liver is the major organ
for conjugating and detoxifying any potential toxic
substances. It is also essential for intermediary
metabolism and the synthesis of several important
compounds (Osuala et al., 2014). The concentra-
tion of liver enzymes in the blood is an important
diagnostic biomarker for assessing liver damage
(Talkhan et al., 2016). Several studies have reported
that intracellular accumulation of metals stimulates
free-radical reactions causing continuous produc-
tion of reactive oxygen species (ROS) (Elroghy &
Yassien, 2021; Balali-Mood et al., 2021; Kim et al.,
2021). This results in an imbalance between oxi-
dants and antioxidants leading to lipid peroxidation
and protein modification (Espin et al., 2014; Reddy
et al., 2015; Balali-Mood et al., 2021).

Moreover, the endocrine system has an important
role in the growth and development of the animal
body. Previous studies indicated that nickel could
affect endocrine organs, causing hormonal disorders
(Yang & Ma, 2021). The hypothalamus and pituitary
gland are the regulatory centers of the endocrine sys-
tem. If they are damaged, the regulation of the endo-
crine axis is disturbed (Aderdara et al., 2019). The
anterior pituitary gland secretes growth hormone
(GH) and thyroid stimulating hormone (TSH) which
are important for growth and development (Yang &
Ma, 2021). Very little information is provided about
environmental stressors and their effects on the thy-
roid gland. Thyrotoxicity occurring chemically is
accompanied by imbalanced plasma T4 and/or T3
and/or TSH (Buha et al., 2018).

On the other hand, different techniques have been
applied for treatment of effluents polluted with heavy
metals, including chemical precipitation, coagulation-
flocculation, and ion exchange (Renu et al., 2017;
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Silva et al., 2008; Tiirkmen et al., 2022). However,
usage of metal biosorbents derived from living organ-
isms has been developed for this purpose, especially
those derived from seaweeds (macroscopic algae) and
alginate derivatives that are widely abundant and less
expensive than industrial synthetic adsorbents (Aslam
et al., 2021; Hamdy et al., 2018; Qamar et al., 2022).
Algins are salts of alginic acid, a natural polymer
found in brown algae (Phaeophyceae). This polymer
is extracted by treating seaweeds with sodium carbon-
ate solution, where alginic acid is precipitated and
sodium salt is formed. In addition, alginate products
are known to have high sorption uptake, abundance,
high selectivity, and no toxic effects (He & Chen,
2014; Li et al., 2021). Several studies revealed that
sodium alginate is an efficient candidate for heavy
metals adsorption such as Cu**, Cd**, and Pb>* (Gao
et al., 2020; Qamar et al., 2022; Refaay et al., 2022).
However, others used alginate in the form of calcium
alginate beads because the dry beads have higher
sorption capacity per unit mass and are more suit-
able for practical handling (Aslam et al., 2021; Bilal
& Igbal, 2019; Silva et al., 2008). Therefore, this
study aims to evaluate the quality of MRI effluents
for irrigation and watering animals through analyzing
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Fig. 1 Location of the study area using Google earth

physicochemical characteristics and heavy metals
concentration and comparing them to world health
organization (WHO) limits for drinking water and
food and agricultural organization (FAO) limits for
irrigation water. The study was also extended to use
calcium alginate beads in the treatment of effluents.
Besides, an in vivo experimental study was designed
to mimic the exposure of young cattle in rural areas
that receive untreated MRI effluents at different con-
centrations to examine the effects on the health of
young male rats, with reference to the role of alginate
in alleviation.

Materials and methods

Ecological studies

Study area

The present study was carried out at the center of
Dakahlia Province, precisely near the Mansoura
Company for Resins & Chemicals Industry (MRI).

This factory is located at Sandoub-Elsinbellaween
road in Mansoura city (31° 05" 00" N, 32° 0' 48"
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E), 40 km from Damietta port (Fig. 1). The com-
pany pours untreated effluents directly into an El-
Mansoura drain that passes through several agri-
cultural villages such as Ezbet Shawwa, Sandoub,
Telbana, Miniet Sandoub, Belgai, Ezbet Belgai,
and Gemiza Belgai.

Effluent sampling

Water samples were collected directly from the dis-
charge point of the effluents of the MRI company,
during the period from February to April 2020 (3
samples/month). The nine samples were taken in
clean polyethylene bottles of 10 L capacity, where
each bottle was rinsed three times before collect-
ing the sample. Approximately 5 ml of concentrated
nitric acid was added to the whole sample to prevent
heavy metals from precipitating.

Field investigations

The hydrogen ion concentration (pH) value of the
samples was determined by an electrical-pH meter in
the field (Model Corning, NY 14,831 USA). Electri-
cal conductivity (EC) was detected immediately in
water samples in the field using a Model C535 mul-
tiparameter analyzer.

Laboratory investigations

The collected water samples were analyzed at the
laboratory of Agricultural Research Center, Man-
soura, Egypt. The investigated parameters included
total dissolved salts (TDS) which were measured
directly using CORNING (Cole —Parmer model
Check 90). Bicarbonate (HCO;™) and sulfates
(SO42_) were detected according to (Piper, 1947).
Chlorides (C17) were determined using the Meneer
method as described in the American Public Health
Association (APHA, 1998). Sodium (Na*) and potas-
sium (K*) were detected by using a flame photometer
(Model PH 80B Biologie Spectrophotometer). Cal-
cium (Ca*™™) and magnesium (Mg**) were estimated
using versenate (EDTA) titration method according to
(Jackson, 1973). However, chemical oxygen demand
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(COD) was determined according to (Rice et al.,
2017).

Irrigation water quality indices

To evaluate water suitability for irrigation purposes,
five parameters were commonly used: the sodium
adsorption ratio (SAR) detected from the equation:

SAR = \/ﬁf_m(Richards, 1954).

Kelley’s raztio (KR) which defines the harmful
impacts of sodium on irrigation water quality was
expressed as:

_ Na
KR = (Kelley, 1963).

Sodium percentage (Na%) was calculated from:
Na% = ——“__ %100 (Wilcox, 1955).

Ca+Mg+Na+K
The permeability index (PI) which defines water
suitability for the irrigation, index is calculated from:

_ Na++y/HCO3 4
PI= CatMgiNa 100 (Doneen, 1964).

The magnesium adsorption ratio (MAR) was calcu-
lated as:

_ _Mg
MAR = MgtCa *100 (Raghunath, 1987).

Heavy metals analysis

The MRI effluent samples were analyzed for different
heavy metals concentration, including cadmium (Cd),
cobalt (Co), chromium (Cr), copper (Cu), iron (Fe),
manganese (Mn), nickel (Ni), lead (Pb), and zinc (Zn).
Effluent samples were filtered through Whatman No.1
filter paper before analysis. Bi-distilled deionized water
was properly used for washing glassware throughout
the study. The metals concentration was detected on a
Buck Scientific Accusys 211 series “Atomic Absorp-
tion Spectrophotometer”, USA, by an air/acetylene
flame system according to standard methods pro-
vided by APHA (2005) at wavelengths of 228.90 nm,
240.70 nm, 35790 nm, 324.70 nm, 24830 nm,
279.50 nm, 341.50 nm, 283.20 nm, and 213.90 nm,
respectively. The standard solutions were prepared in
range of 0.2-1.6 mg/L for Cd, Mn, and Zn, 0.5-4 mg/L.
for Cu, Co, Cr, Fe and Ni, and 1-8 mg/L for Pb by
diluting stock solutions of standards purchased from
Agilent Technologies, Germany. The standards were
run after every 15 sample readings to assure more than
95% accuracy.
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Effluents treatment
Preparation of Ca-alginate beads

According to EL-Tayieb et al. (2013), sodium algi-
nate powder was mixed with distilled water (3% w/v)
with stirring. The alginate gel solution (Cross-Linker
solution) was kept in refrigerator for half an hour,
then 10 ml was added dropwise into 100 ml of 2%
CaCl, solution under gentle stirring at 25 °C. Ca-
alginate beads were formed upon contact with the
Cross-Linker solution. Beads were left overnight to
stabilize, then filtered, washed three times with bi-
distilled water, and left to dry to be ready for use in
effluents treatment.

Application of alginate sorbents on effluent samples

Sorption was performed by adding 100 g dried Ca-
alginate beads to a volume of 1000 ml effluents sam-
ple in a reactor. Sorption was evolved with the mix-
ture under orbital shaking at 25 °C. After 5 h, volume
samples were collected from the reactor and metal
concentrations were detected again by atomic absorp-
tion spectroscopy, USA by an air/acetylene flame
system.

Animal experimental design

A total of 50 young male Wistar rats (45+5 g) were
obtained from the Egyptian Institute for Serological
and Vaccine Production, Helwan, Egypt. The rats
were allowed to acclimatize for one week to stand-
ard conditions of illumination with a 12 h light and
dark cycle at 23 +3 °C room temperature and 40 +5%
humidity. Water and food were consumed ad libitum
according to the Ethics Committee of Mansoura Uni-
versity, Egypt. The food consisted of corn, soybean
pulp, sunflower seed meal, alfalfa pellets, molasses,
vitamins, and minerals that are commonly used for
poultry farms.

After the acclimation period, rats were randomly
divided into five groups (10 rats/each) as follows:

Group 1 was the control (CN) group, which
received tap water.

Group 2 received 10% concentration of MRI efflu-
ents (10%.EF).

Group 3 received 50% concentration of MRI efflu-
ents (50%.EF).

Group 4 received 100% concentration of MRI
effluents (100%.EF).

Group 5 received 100% effluents after treatment
with Ca-alginate beads (100%.EF + AG) group.

Each group received specific drinking water daily
for 11 weeks.

Animal investigations
Body weight changes

The weight of each rat in each group was detected
weakly using a digital balance. However, the body
weight gain was calculated from the equation:

Body weight gain=Final body weight - initial
body weight.

Blood sampling

At the end of the experimental period, rats were
weighed and sacrificed. From each rat, two blood
samples were collected, and the first was received in
an EDTA tube to assess hematological indices. How-
ever, the second sample was collected in a sterilized
tube without anticoagulant and centrifuged at 860X g
for 15 min. Nonhemolyzed sera were separated and
kept at —20 °C until analysis.

Hematological indices

Blood samples collected on EDTA were used to
determine red blood cells (RBCs) count, hemoglobin
(Hb) content, hematocrit (Hct%), mean corpuscu-
lar volume (MCV), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration
(MCHC), white blood cells (WBCs) count, and plate-
lets (PLts) count using a Sysmex Cell Counter (Sys-
mex, Japan), according to Dacie and Lewis (2001).

Serum liver function analysis

Serum alanine aminotransferase (ALT) and serum
aspartate aminotransferase (AST) activities were
estimated using the enclosed method in Spinreact
kits (Ctra Santa Coloma, Spain). However, serum
total bilirubin (TB) level and albumin (Alb) con-
tent were detected by using the method of Diamond
Diagnostics, Co. Kit, Cairo, Egypt. Serum total
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protein (TP) content was determined using a kit
purchased from Bio-Diagnostic Co. Dokki, Giza,

Egypt.

Serum hormonal analysis

Enzyme-linked immunosorbent assay (ELISA) kits
were used to detect serum growth hormone (GH) con-
centrations in different investigated groups, accord-
ing to the manufacturer’s protocol of MyBioSource,
USA. The levels of serum total triiodothyronine (T3)
and thyroxine (T4) were measured according to the
method of chemiluminescent enzyme immunoassay
enclosed in Siemens Healthcare Diagnostics products
LTD- IMMULITE® 2000 systems. An ELISA kit was
also used to detect serum thyroid stimulating hor-
mone (TSH) according to the manufacturer’s protocol
of LDN, Germany.

Tissue sampling

Immediately after collecting blood samples, rats of
each group were dissected, the thyroid gland and a
part of the right lobe of the liver were separated, for
histological studies. However, approximately 0.5 g
from the left lobe of liver was taken, homogenized in
5 ml cooled distilled water, and centrifuged at 860 X g
for 15 min. The clear supernatant was collected and
stored at—20 °C until analysis of antioxidants and
oxidative stress markers. A third sample of the liver
tissue was kept at — 20 °C for heavy metal analysis.

Liver antioxidants and oxidative stress markers

The liver superoxide dismutase (SOD) and catalase
(CAT) activities, in addition to reduced glutathione
(GSH) content and malondialdehyde (MDA) concen-
tration, were estimated using the specific enclosed
methods of Biodiagnostic Co. Dokki, Giza, Egypt.
However, an ELISA kit was used to determine glu-
tathione S-transferase (GST) concentration in the
liver according to the manufacturer’s protocol of Cus-
abio, USA. Moreover, the protein carbonyl (PC) level
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in the liver was assessed according to the manufac-
turer’s protocol enclosed in the Cayman Chemical Kit
(Michigan, USA).

Heavy metal concentrations in liver

Nitric-sulfuric-perchloric acid digestion is an approach
that is partly modified from that of Tinggi et al. (1997).
One gram of each sample was weighed into a conical
flask, and 10 ml of concentrated HNO; was added.
The conical flask was allowed to heat on a hot plate at
95 °C until white fumes evolved and then left to cool at
room temperature. After cooling, 3 ml of concentrated
H,SO, was added and then heated until the release of
orange fumes. The flask was allowed to cool again at
room temperature, and then 2 ml of HCIO, was added
and heated until the solution was reduced to approxi-
mately 5 ml. Each digested sample was filtered through
0.45-p Millipore membrane filter paper diluted to 50 ml
with deionized water in a volumetric flask and analyzed
using a Buck Scientific atomic absorption spectrometer
(model accusys 211, USA) equipped with an air/acety-
lene flame and hollow cathode lamps for the analyzed
elements.

Histological studies

Evaluation of the structural changes in the liver and
thyroid gland via light microscopy was achieved by
hematoxylin and eosin (H&E) staining. According to
the method of Kiernan et al. (2008), the tissues were
immediately fixed in 10% formol saline after dissection,
embedded in paraffin, sectioned at 5-pm thickness, and
stained.

Statistical analysis

The data were analyzed using the GraphPad Prism
software program (v 5.04 GraphPad Software Inc., La
Jolla, CA) using one-way ANOVA followed by Tukey
test. All the results were recorded as the mean=+ SD.
The Pearson correlation coefficient was used to esti-
mate the correlations between physicochemical charac-
teristics and/or the selected heavy metals in untreated
and treated effluent samples. Statistically significant
data were considered at p <0.05.
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Results
Ecological studies
Physicochemical characteristics of effluent samples

The appropriateness of effluents for drinking and
irrigation purposes was evaluated through physico-
chemical characteristics. A statistical summary of the
physicochemical parameters of the effluent samples is
listed in Table 1 as follows:

Electrical conductivity The maximum and mini-
mum electrical conductivity (EC) values were 3.56
and 2.06 dS/m for untreated MRI effluents (EF) and
3.87 and 3.17 dS/m for effluents treated with Ca-
alginate (EF+ AG), respectively. Moreover, by com-
paring the mean EC values of different effluent sam-
ples to WHO limits for drinking water and FAO limits
for irrigation water, the mean EC values (2.802+0.59
and 3.600+0.30) dS/m of both untreated (EF) and
treated effluents (EF + AG), respectively exceeded the
WHO limits. However, EF samples were within FAO

limits for irrigation water, but EF+ AG samples were
greater than the FAO limits.

pH value The pH values of untreated MRI efflu-
ent samples, as well as treated effluents, exhibited
mostly acidic features. The maximum and mini-
mum recorded pH values were (8.33, 4.43) and
(8.11, 4.71), respectively. The mean pH value for
the untreated samples (5.71+1.77) was found to
be below the permissible limits recommended by
the WHO for drinking water and FAO for irrigat-
ing water. However, that of treated effluent samples
(6.46 +1.59) was within these limits.

Total dissolved solids Total dissolved solids (TDS)
values showed maximum and minimum values
(2918.42 and 1318.46 mg/L for MRI effluents and
2368.0 and 1248.0 mg/L for effluents treated with Ca-
alginate, respectively). The average of both samples
(1921 +618.3 and 1992 +518.1) mg/L exceeded the
permissible drinking water limit recommended by the
WHO but was within the limits of the FAO for irriga-
tion water.

Table 1 Physicochemical characteristics of untreated and treated MRI effluent samples

Parameter EF EF +AG WHO FAO
- - (2008) Ayers and Westcot
Max Min Mean Max Min Mean (1994)
+SD +SD

EC (dS/m) 3.56 2.06 2.802+0.59 3.87 3.17 3.600 +0.30 0.4 0.7-3 Ayers and
Westcot (1985)

pH-value 8.33 4.43 5.71+1.77 8.11 4.71 6.46+1.59 6.5 -8.5 6.5-84

TDS (mg/L) 2918.42 1318.46 1921+618.3 2368.0 1248.0 1992 +518.1 500 2000

HCO;™ (mg/L) 1625 94.79 125.3+30.03 189.59 67.1 105.0+57.85 150 600

CI™ (mg/L) 817.6 483.9 634.0 £124.3 984.4 631.0 838.0+148.5 250 1000

SO, (mg/L) 621.6 472.1 5153+71.11  519.7 326.1 431.2 £69.92 250 400

Nat (mg/L) 657.2 434.65 551.0+104.8 83049 418.77 681.1+185.2 200 920

K* (mg/L) 9.0 5.0 6.63+1.7 8.0 5.50 6.90+0.96 12 2

Ca*t (mg/L) 26.40 17.60 20.24+3.94 30.80 17.45 22.89+5.72 100 60

Mgt (mg/L) 16.75 10.18 13.19+3.103  16.65 10.08 13.06+2.71 120 1063

COD (mg/L) 944.0 859.0 889.5+37.37 912.0 818.0 878.5+41.62 250 -

Data are presented as maximum, minimum, and mean +SD of different effluent samples; EF, untreated MRI effluents; EF +AG,

treated MRI effluents with Ca-alginate

a: Significant change in comparing the EF group with the EF+ AG group (p <0.05), where no significant changes were observed

WHO represents World Health Organization limits for drinking water. FAO represents the Food and Agriculture Organization of the
United Nations limits for irrigation water
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Anionic composition The maximum and mini-
mum HCO;™ contents of the effluent samples were
162.5 and 94.79 mg/L and 189.59 and 67.1 mg/L for
EF and EF+ AG, respectively. However, the maxi-
mum and minimum values of the CI~ content of the
samples were 817.6 and 483.9 mg/L and 984.4 and
631.0 mg/L for EF and EF+ AG, respectively. The
SO, ~ content of the investigated water samples
varied between 621.6 and 472.1 mg/L for EF and
519.7 and 326.1 mg/L for EF+AG. The mean val-
ues of HCO;™ in EF and EF+AG (125.3+30.03,
105.0+57.85) were within the permissible limits of
WHO for drinking water and FAO for irrigation water.
However, the mean values of both ClI™ and SO, ™ in
EF and EF+AG (634.0+124.3, 838.0+148.5 and
515.3+71.11, 431.2+69.92, respectively) exceeded
WHO drinking water limits in addition to FAO limits
for SO, values.

Cationic composition The maximum and minimum
Na™' concentrations were 657.2 and 434.65 mg/L for
EF samples and 830.49 and 418.77 mg/L for EF+ AG,
respectively. However, K* concentrations showed
maximum and minimum values (9.0, 5.0) and (8.0,
5.50) mg/L for EF and EF + AG, respectively. Moreo-
ver, the maximum and minimum Ca** concentrations
of the effluent samples were (26.40, 17.60) and (30.80,
17.45) mg/L for EF and EF+ AG, respectively. The
Mg** concentrations of the effluent samples ranged
between (16.75, 10.18) and (16.65, 10.08) mg/L for
EF and EF+ AG, respectively. Furthermore, for both
untreated and treated effluents, the mean Nat con-
centrations (551.0+104.8 and 681.1+185.2) respec-
tively increased above the WHO drinking water limits
but were within the FAO irrigation limits. The mean
concentrations of K ions in both samples (6.63+1.7
and 6.90+0.96) were within WHO and exceeded
FAO limits. However, the mean values of Ca't*
(20.24+3.94, 22.89+5.72) and Mg** (13.19+3.103,
13.06+2.71) in EF and EF+AG samples, respec-
tively, were within both WHO drinking water and
FAOQ irrigation water limits.

Chemical oxygen demand The chemical oxy-
gen demand (COD) values of the collected efflu-
ent samples showed maximum and minimum values
between (944.0, 859.0) for EF and (912.0, 818.0)
mg/L for EF+ AG. Moreover, the COD mean val-
ues (889.5+37.37 and 878.5+41.62) for EF and
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EF+AG, respectively, exceeded the permissible
drinking water levels of the WHO. However, COD
limits for irrigation water were not included in FAO
standards.

It should also be mentioned that the treatment of
effluents with Ca-alginate did not statistically show
any significant differences in the estimated physico-
chemical parameters compared to untreated effluent
samples.

Irrigation water indices Table 2 shows the maxi-
mum and minimum values of irrigation indices,
where SAR was 154.0 and 116.6 for EF and 183.9
and 126.8 for EF+ AG samples. The KR values were
within (19.14, 12.71) and (24.68, 18.22) for EF and
EF + AG, respectively. However, Na% in MRI effluent
samples varied between (95.12, 92.83)% and (95.29,
91.66) % for EF + AG samples. The PI values showed
maximum and minimum values between 96.63 and
94.66 for the EF and 96.24 and 93.33 for the EF + AG
samples. Finally, MAR % lies between 45.65 and
33.41 for EF and 37.07 and 28.93 for EF+AG.
According to water quality criteria, the mean values
of all the investigated irrigation indices referred to the
unsuitability of discharged effluents for irrigation pur-
poses, except MAR%.

Heavy metals in effluent samples Table 3 illus-
trates the maximum and minimum concentrations of
heavy metals (Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and
Zn) in MRI effluents (EF) and effluents treated with
alginate (EF+ AG). The mean concentrations of
heavy metals in EF samples were arranged descend-
ingly as Mn, Fe, Zn, Cd, Co, Ni, Pb, Cu, and Cr.
Most of the detected heavy metals in MRI effluents
exceeded the WHO limits for drinking water, where
Co (0.139+0.015) mg/L, Fe (1.235 +£0.520) mg/L,
Mn (1.681 +0.496) mg/L, Cd (0.247 +0.071) mg/L,
Pb (0.120+0.008) mg/L, Ni (0.122 +0.034) mg/L,
and Zn (0.945+0.113) mg/L compared to (0.04),
(0.3), (0.4), (0.003), (0.01), (0.07), and (0.2) mg/L
WHO limits, respectively. However, according to
FAO irrigation water limits, MRI effluents showed
unsuitable concentrations of Co, Mn, and Cd com-
pared to the (0.05), (0.2), and (0.01)mg/L FAO lim-
its. On the other hand, treatment of MRI effluents
with alginate showed a significant decrease in all
the detected heavy metals compared to untreated
effluents. Although this decrease was not below
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Table 2 Irrigation water indices in untreated and treated MRI effluent samples

Parameters EF EF+AG Water quality criteria
Max Min Mean Max Min Mean
+SD +SD
SAR 154.0 116.6 135.6 183.9 126.8 166.9 <10, excellent, 10-18 good,
+18.84 +26.88 18-26 doubtful, > 26 unsuitable
Richards (1954)
KR (meqg/l) 19.14 12.71 16.26 24.68 18.22 20.56 <1 good,> 1 bad
+2.77 +2.85 Kelley (1963)
Na (%) 95.12 92.83 94.17 95.29 91.66 93.96 <20 excellent, 2040 good,
+0.99 +1.68 40-60 permissible, 60-80
doubtful,
> 80 unsuitable
Wilcox (1955)
PI (meq/l) 96.63 94.66 95.62+0.90 96.24 93.33 95.39 <20 excellent, 20-40 good,
+1.39 40-80 injurious,
> 80 unsatisfactory
Doneen (1964)
MAR (%) 45.65 33.41 40.40 37.07 28.93 33.89+3.79 <50 suitable, > 50 unsuitable
+5.34 Raghunath (1987)

Data are presented as maximum, minimum, and mean+SD of different water samples; EF, untreated MRI effluents; EF +AG,
treated effluents with Ca-alginate

standard limits, it was greatly near their values in Correlation analysis The Pearson correlation coef-
most of the investigated metals, where descending ficient matrix (r) was used to determine the interac-
arrangement of metals was Mn, Fe, Zn, Cd, Pb, Ni, tion between physicochemical characteristics and
Co, Cu, and Cr. heavy metal concentrations, as well as each other in

Table 3 Concentration of

h cals i reated Heavy metals EF EF + AG WHO FAO
nd treated MRI effluent (ppm) e . Gem) (o)
and treate effluen ax mn ean ax mn can(2011,2017) Ayers and
samples +SD +SD Westcot
(1985, 1994)
Cd 0.364 0.190 0.247 0.190 0.131 0.167* 0.003 0.01

+0.071 +0.024
Data are presented as Co 0.165 0.129 0.139 0.086 0.051 0.0672* 0.04 0.05
maximum, mini.mum, and +0.015 +0.015
mean £ SD of different Cr 0.053 0028 0.036 0023 0019 0.021* 0.05 0.1
effluent samples; EF, +0.012 +0.002
untreated MRI effluents; - - .
EF+AG, treated MRI Cu 0.079 0.055 0.068 0.053 0.033 0.039 2 0.2
effluents with Ca-alginate +0.010 +0.008

a

a: Significant change in Fe 2.053 0.773 1.235 0.736 0.348 0.564 0.3 5
comparing the EF group +0.520 +0.156
with the EF+ AG group Mn 2.515 1.318 1.681 1.302 0.923 1.091* 0.4 0.2
(»<0.05) +0.496 +0.135
WHO represents World Ni 0.176 0.093 0.122 0.092 0.054 0.071* 0.07 0.2
Health Organization limits +0.034 +0.018
for drinking water. FAO Pb 0.133 0.110 0.120 0.094 0.064 0.077* 0.01 5
represents the Food and +0.008 +0.014
Agriculture Organization Zn 1.074 0817 0945 0612 0467 0539* 0.2 5
of the United Nations limits +£0.113 +0.055

for irrigation water

@ Springer



586 Page 10 of 25

Environ Monit Assess (2022) 194: 586

untreated and treated MRI effluent samples (Table 4).
The physicochemical characteristics of effluent sam-
ples showed significant positive correlations between
CI7/EC, Ca**/EC, Ca**/TDS, and Ca**/Cl~. How-
ever, the estimated heavy metals in effluent sam-
ples exhibited positive and negative but nonsignifi-
cant correlations with the detected physicochemical
parameters. This could be seen for example, in pairs
of Cr/pH (r=0.229), Fe/Cl™ (r=0.030), Mn/ SO,
(r=0.186), Co/Cl~(r= —0.364), Pb/Na*(r= —0.149),
Cd/Mg** (r=-0.082), and Ni/COD (r=—0.203).
On the other hand, the elemental pairs showed sig-
nificant positive correlation between all investigated
metals.

Animal studies

Heavy metal concentrations in the liver of different
investigated groups

The obtained data in Table 5 show a significant
increase in the accumulation of heavy metals (Cd, Co,
Cr, Cu, Fe, Mn, Ni, Pb, and Zn) in the liver of MRI
effluent groups dependent on effluent concentration
compared to the control (CN) group. However, Co
and Cr in 50%.EF group in addition to Mn in 10%.
EF group were nonsignificant compared to CN group.
The metals concentration was significantly decreased
with 100%EF treatment by Ca-alginate. This reduc-
tion was significant in all detected metals compared
to 100%EF group, and mostly with 10% and 50% EF
groups. The accumulation of heavy metals in the liver
tissues of the investigated groups was descendingly
arranged in the following order: (Mn, Co, Cu, Cd,
Fe, Pb, Zn, Cr, Ni) for the CN group, (Fe, Mn, Zn,
Pb, Cd, Cu, Co, Ni, Cr) for 10%EF group, (Fe, Mn,
Zn, Pb, Cd, Co, Cu, Ni, Cr) for SO%EF group, (Fe,
Mn, Zn, Pb, Cd, Co, Cu, Cr, Ni) for 100%EF group,
and Mn, Zn, Cd, Fe, Co, Pb, Cu, Ni, Cr) for 100%.
EF+AG group. Moreover, by comparing 100%.
EF+ AG group to CN one, heavy metals concentra-
tion showed nonsignificant difference except (Cd)
showed significant increase compared to CN.

Liver function

The present study showed significant changes in
the investigated parameters along all MRI effluent

@ Springer

concentrations. ALT, AST, and TB increased sig-
nificantly especially at S0%EF and 100%EF groups
compared to the control group. However, TP and Alb
decreased significantly with all the studied concentra-
tions of MRI effluents. Treatment of 100%EF sam-
ples with alginate (100%EF + AG) showed significant
improvement in liver function parameters represented
in significant decrease in ALT, AST, and TB along
with an obvious increase in TP and Alb contents com-
pared to all effluent concentration groups as shown in
(Fig. 2).

Liver antioxidants and oxidative stress markers

The obtained data showed obviously decreased liver
antioxidant activities of CAT, SOD, GST, and GSH
content with increasing concentrations of MRI efflu-
ents compared to the control group. This decrease
was mostly significant with 50%.EF and 100%.EF
groups. On the other hand, oxidative stress mark-
ers (MDA and PC) showed significant increase with
drinking different concentrations of MRI effluent
groups compared to control. Treatment with Ca-
alginate exhibited a significant increase in the stud-
ied antioxidants in the liver of 100%.EF+ AG rat
group which also exhibited a significant decrease in
MDA and PC compared to the 50%EF and 100%.EF
groups (Fig. 3).

Growth and thyroid hormones

To follow the rate of growth experimentally, Table 6
shows the effect of consumption of MRI effluents at
different concentrations (10%, 50%, and 100%) on the
levels of growth and thyroid hormones. The results
exhibited a significant decrease in GH, T3, and T4
hormones, as well as significantly elevated TSH lev-
els with increasing effluent concentrations compared
to the control group. Moreover, the rat group that
received 100% EF + AG showed a significant increase
in GH, T3, and T4 levels along with a decrease in
TSH levels compared to all effluent groups.

The body weight changes

The present results illustrated in Table 7 recorded a
decrease in the body weight of rat groups that received
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Table S Heavy metal

leavy , Group CN 10% EF 50% EF 100%.EF 100%
concentrations in the liver EF +AG
of the control and different
investigated rat groups Metals (ppm)

cd 0.0016 0.01312 0.018 % 0.037 % 0.0096 2
+0.0003 +0.0026 +0.002 +0.004 +0.0006
Co 0.0066 0.0103 0.0123 0.0353 % 0.0047
+0.0007 +0.003 +0.003 +0.004 +0.004
Data are presented as the Cr 0.00031 0.0022 0.0028 0.0086 * 0.00033
mean + SD. CN, control +0.0001 +0.0002 +0.0009 +0.0043 +0.0001
tap water; 10%, 50%, and Cu 0.005 0.0111 % 0.0115% 0.0261 2 0.003
100%.EF, concentrations +0.001 +0.003 +0.0019 +0.003 +0.005
of MRI effluents; 100%. Fe 0.0013 0.0823 0.125 % 0.143 % 0.0077
EF+AG, 100% effluents +0.0003 +0.011 +0.041 +0.021 +0.003
treated with Ca-alginate N - N b N b N
e Mn 0.0148 0.0512 0.084 @ 0.090 ® 0.044
a: Significant change +0.0007 +0.007 +0.28 +0.015 +0.005
in comparing different . N N b N b N b N
aroups with the CN group Ni 0.0003 0.0034 0.0037 0.0076 0.0005
(p<0.05) +0.0001 10.00(38 + 0.0002 + 0.002b +0.0001
al al al
b: Significant change in Pb 0.0012 0.016 0.0196 0.042 0.003
comparing EF groups +0.0001 +0.005 +0.003 +0.007 +0.0002
with 100%.EF + AG group Zn 0.0011 0.0281% 0.0378 0.050 % 0.0125
(p<0.05) +0.0006 +0.0028 +0.013 +0.006 +0.0009
( 80- ) ( 2.0 h
_ 80 z 154 ab
g a ab 3 ab
= 4 E 101
E . p
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Fig. 2 Liver function parameters in the serum of the control
and different investigated rat groups. Data are presented as the
mean +SD. CN, control tap water; 10%, 50%, an 100%.EF,
concentrations of MRI effluents; 100%.EF+AG, 100% efflu-

@ Springer

ents treated with Ca-alginate. a: significant change in com-
paring different groups with the CN group (p <0.05). b: sig-
nificant change in comparing EF groups with 100%.EF + AG
group (p<0.05)
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Fig. 3 Liver oxidative stress markers and antioxidants in the
control and different investigated rat groups. Data are pre-
sented as the mean+SD. CN, control tap water; 10%, 50%,
and 100%.EF, concentrations of MRI effluents; 100%.EF + AG,

different effluent concentrations. This decrease appeared
nonsignificant until the sixth week of effluent consump-
tion compared to the control group. However, from the

100% effluents treated with Ca-alginate. a: significant change
in comparing different groups with the CN group (p <0.05).
b: significant change in comparing EF groups with 100%.
EF+ AG group (p<0.05)

seventh week until the end of the experiment (the elev-
enth week), the body weight was significantly decreased,
especially at 100%.EF group compared to the control

Table 6 Growth and thyroid hormones in the control and different investigated rat groups

Groups CN 10%.EF 50%.EF 100%.EF 100%.EF + AG

Parameters

GH (pg/ml) 2.62 176 1.4130 0.86% 1.97
+0.29 +0.15 +0.19 +0.13 +0.22

T3 (ng/dL) 1422 110.82 84.17%P 46.73% 132.5
+13.71 +17.79 +8.750 +3.001 +10.76

T4 (ng/dL) 8.360 6.667% 5.600% 4,0383P 7.942
+0.861 +0.502 +0.529 +0.308 +0.255

TSH (uIU/mL) 3.200 6.245%0 8.267%" 12.532b 4.233
+0.141 +0.297 +0.708 +1.105 +0.701

Data are presented as the mean+SD. CN.0, control tap water; 10%, 50% and 100%.EF, concentrations of MRI effluents; 100%.
EF+ AG, 100% effluents treated with Ca-alginate

a: Significant change in comparing different groups with the CN group (p <0.05)

b: Significant change in comparing EF groups with 100%.EF + AG group (p <0.05)

@ Springer
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group. Moreover, treatment of effluent by Ca-alginate
(100%.EF + AG) group significantly increased the body
weight compared to untreated 100%.EF group. Accord-
ingly, the body weight gain in all EF groups decreased
depending on EF concentration compared to the control
group. This decrease was significantly observed, espe-
cially at 100%EF group, while treated group (100%.
EF+ AG) showed a significant increase in body weight
gain compared to untreated 100%EF group (Fig. 4).

Hematological indices
The investigated hematological parameters (RBCs

count, Hb content, Hct%, MCV, MCH, MCHC, and
WBCs count) decreased significantly with increasing

Table 7 Body weight changes in the control and different
investigated rat groups

Weeks CN 10%. 50%. 100%. 100%.
EF EF EF EF +AG

Zero 49.13 49.0 49.57  49.0 49.89
week +6.03 +9.0 +479 +75 +5.21

1st week 51 5122 509 50.5 51.78
+10.2 +8.614 +12.19 +496 83
2nd 53.86 50.0 51.88  47.89 5243

week +7.63 +7.83 +7.59 £593 +£92
3rd week 54.5 5144 5150  48.89 54.44
+9.86 +8.69 +7.87 +506 +6.6
4th week 56.57 54.0 53.0 50.5 57.38
+9.85 +4.32 +548 +4.84 +£8.07
Sth week 58.57 57.86 5629  52.38 59.43
+6.53 +847 +373 +628 +9.07
6th week 106.4 103.7 101.0  93.7 108.0
+1243  +14.86 +13.18 +11.9 +6.07
7th week 146.1 1417 1389  119.5%" 143.7
+15.12 +9.77 +13.53 +13.66 +16.53
8th week 188 178.5  170.1 1513 190.0
+1033 +7.53 +15.68 +145 +17.25
9th week 203.7 1993 1920  173.5%" 2005
1678+ 9.12+ 1541+ 1438+ =+14.98
10th 225.7 2107 207.2 1857 2122
week +21.75 +12.15 +12.15 +10.17 +12.14
11th 247.2 240.0 2248  206.8%" 230.5
week +1871 +9.83 +158 +10.83 +10.83

Data are presented as the mean+SD. CN, control tap water;
10%, 50%, and 100%.EF, concentrations of MRI effluents;
100%.EF + AG, 100% effluents treated with Ca-alginate

a: Significant change in comparing different groups with the
CN group (p<0.05)

b: Significant change in comparing EF groups with 100%.
EF+ AG group (p<0.05)

@ Springer

concentrations of MRI effluents in drinking water,
especially at 50% and 100% concentrations. However,
the pLts count increased significantly at the same
concentrations. On the other hand, 100%EF+ AG
group showed significant improvement in hematolog-
ical indices compared to the untreated effluent group,
especially in RBCs, Hb, Hct, MCV, and MCHC
(Table 8).

It should be mentioned that the obtained results
showed nonsignificant difference between the treated
EF group (100%.EF+ AG) and the control one in
most investigated parameters, except GST activity,
GH levels, MCH, MCHC, and WBCs count.

Histological studies

The liver sections Histopathological investigations
in the livers of different groups showed normal liver
architecture with distinct hepatocytes consisting of
hepatic stands and blood sinusoids surrounding intact
central veins (Fig. 5a). The rat group received 10%EF
showed little alterations represented in some hem-
orrhages, and slightly indistinct hepatocytes, blood
sinusoids, and central veins in some areas (Fig. 5b).
However, the liver sections of rats that received

~N

g

g
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g

Body weight gain (g) )

=
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&g & ¢

\ Animal groups ™ /

Fig. 4 Body weight gain (g) in the control and different inves-
tigated rat groups. Data are presented as the mean+SD. CN,
control tap water; 10%, 50%, and 100%.EF, concentrations of
MRI effluents; 100%.EF+ AG, 100% effluents treated with Ca-
alginate. a: significant change in comparing different groups
with the CN group (p <0.05). b: significant change in compar-
ing EF groups with 100%.EF + AG group (p <0.05)
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Table 8 Hematological

Jable s Groups CN 10%.EF 50%.EF 100%.EF  100%.EF + AG
indices in the control and
different investigated rat Parameters
groups RBCs (10%uL) 751 7.34P 6.70% 6.54% 8.13
+0.39 +0.62 +0.24 +0.41 +0.31
Hb (g/dl) 14.43 13.8 12.972b 11.722 14.87
+0.11 +1.05 +0.66 +0.85 +0.36
Data are presented as the Hct (%) 44.97 4.7 38.733b 37.73% 47.67
mean £ SD. CN, control +321 +0.80 +£2.30 £137 +327
tap water; 10%, 50%, and
100%.EF. concentrations MCYV (fL) 59.12 58.95 58.95 54.45% 58.68
of MRI effluents; 100%. +2.34 +1.08 +1.76 +2.68 +2.03
EF+AG, 100% effluents MCH (pg) 19.9 18.452 18.10? 17.332 18.272
treated with Ca-alginate +0.63 +1.04 +021 +0.38 +£0.32
a: Significant change MCHC (g/dL) 34.46 33.74 30.712 30.25% 32.38
e O proup +£0.56 +£0.50 £024  +042 +1.58
(p<0.05) WBCs (10%/uL) 13.24 9.81% 9.742 9.06* 10.182
b: Significant change in =115 +0.30 +0.53 +0.77 +1.11
comparing EF groups PLts (10%/uL) 644 698.3 766.1% 773.8* 736.2
with 100%.EF+AG group +45.70 +88.94 +75.58 +£36.44 +40.71

(p<0.05)

50%EF appeared in foamy areas with elongated blood
vessels, cellular infiltration, and disappearance of
most hepatic strands and blood sinusoids (Fig. Sc¢).
Moreover, consumption of 100%EF resulted in severe
damage to the liver architecture represented in dam-
aged central veins, and highly degenerated hepato-
cytes appeared as foamy areas with severe necrosis,
cellular infiltration, and pyknotic nuclei (Fig. 5d). On
the other hand, the group treated with Ca-alginate
(100%Ef+ AG) showed an obvious improvement in
liver structure, where hepatocytes started to appear
with central vein, hepatic strands, and blood sinu-
soids, decreased necrotic and foamy areas, little hem-
orrhage, and pyknotic nuclei (Fig. Se).

The thyroid gland sections The normal structure
of the thyroid gland was represented in the control
group, where parenchymal cells appeared in two
types: follicular and parafollicular cells. Follicular
cells (thyroid follicles) of various sizes lining a cen-
tral colloid-filled lumen-stained pink (Fig. 6a) were
observed. The follicular cell line ranged from squa-
mous to low columnar epithelium with ovoid to round
shaped nuclei. In addition, parafollicular cells were
located on the periphery of the follicles and were
not distributed in the interfollicular connective tissue
(Fig. 6al). Moreover, the 10%Ef group showed some
retention in the lobular architecture of the thyroid

gland but maintained its normal structure with a
central filled lumen with colloid (Fig. 6b). How-
ever, the follicular epithelium showed some flatness
in addition to the appearance of atrophied follicles
(Fig. 6bl). Histological investigation of the thyroid
gland in the SO%Ef group revealed multifocal migra-
tion of follicular epithelium cells forming several
microfollicles in addition to hemorrhage between
follicles (Fig. 6¢). Additionally, the appearance of
some follicular cells with pyknotic nuclei and the
other showed large nuclei with a fine chromatin pat-
tern (Fig. 6¢1). Furthermore, the exposure to 100%.
Ef group showed more thyroid disorders represented
by the formation of more microfollicles with reduced
lumen and colloid. The appearance of hyperplastic
follicular cells with large nuclei and inflammatory
cells was in between (Fig. 6d). Some follicles were
also shown with projected papilloma in the lumen,
and the latter was commonly paler than the con-
trol group (Figs. 6d1). On the other hand, treatment
of 100% effluent with Ca-alginate (100%EF + AG)
group showed an obvious improvement in the thyroid
gland structure. This was represented by variations of
follicular size surrounding the lumen filled with nota-
ble amounts of colloids and decreased hyperplasia,
inflammatory cells, and hemorrhage (Figs. 6e). High
power magnification showed follicular epithelium
with some pyknotic nuclei (Fig. 6el).

@ Springer
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Fig. 5 Photomicrographs of histological sections of the liver
stained by H&E showing a control group (a) with normal cen-
tral vein (CV), hepatocytes (H) and blood sinusoids (arrow).
10%.EF group (b) showing a relatively normal central vein
(CV), hepatocytes (H) with distinct hepatic strands, blood
sinusoids (arrow), and little hemorrhage (He). SO%EF group
(c) showed foamy areas (FA) with elongated blood vessels
(BV), cellular infiltration (star), pyknotic nuclei (PN), indis-

Discussion
Ecological studies
The direct discharge of untreated industrial effluents

into drains, canals, or rivers worsens the problem of
water pollution. The suitability of water used from

@ Springer

tinct central veins (CV) and blood sinusoids (arrow). 100%.
EF group (d) showing damaged central veins (CV), foaming
area (FA) without distinct blood sinusoids, cellular infiltration
(star), severe necrosis (SN), and pyknotic nuclei (PN). 100%.
EF+ AG group (e) showing improvement in liver architecture
represented in appearance of central veins (CV), hepatocytes
(H), with relatively clear blood sinusoids (arrow), little hemor-
rhage (He), and pyknotic nuclei (PN)

drains, canals for irrigation purposes, and watering
livestock was taken into consideration in this study.
Estimation of certain environmental factors, such as
pH, EC, TDS, and anionic and cationic components
of water, plays an important role in water evaluation
(Abugu et al., 2021; Islam et al., 2020; Sehlaoui et al.,
2020).
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The proficiency of water to pass out an electric
current is known as electrical conductivity (EC)
(WHO, 2008). The EC value is usually related to
TDS or to the water mineral content (Reddy, 2013).
The present data showed EC and TDS values in
untreated MRI effluents within FAO irrigation lim-
its, but both exceeded the WHO drinking water
limits. Kaur et al. (2021) agreed with the present
results, but attributed the elevated EC values to the
increasing load of pollution either from agricultural
runoff, sewage discharges, or industrial discharges,
as seen in the current study. However, Safari et al.
(2021) attributed higher levels of TDS to toxic solid
materials that may be included in industrial efflu-
ents. Kaur et al. (2021) related the increase in water
TDS to different types of minerals and organic
substances. The present study also exhibited con-
centrations of anions and cations in the order of
CI">Na* >S0O,”/~>HCO; >Ca** >Mg** >K*,
where levels of anions (CI™ and SO,~ ™) and cations
(Na* and K¥) components in MRI effluent samples
were higher than the WHO and FAO limits for drink-
ing and irrigation water. Tariq et al. (2020) reflected
this to the discharge of high salt effluent concentra-
tions. However, Safari et al. (2021) mentioned that
atmospheric deposition, fertilizers, and oxidation of
sulfur compounds by bacteria are the main sources of
sulfate in water.

Moreover, the evaluation of water quality for irri-
gation purposes depends on its ionic composition
(Sehlaoui et al., 2020). The concentrations of Na™,
Ca**, Mg**, and HCO;™ in MRI effluents in this
study were used to determine the quality of effluents
for irrigation through detecting SAR, KR, Na%, PI,
and MAR. Obtained results showed unsuitability of
MRI effluents for irrigation purposes due to high val-
ues of SAR, KR, Na%, and PI. These results agreed
with Veena and Satheeshkuamar (2018) who indi-
cated that SAR studies the ion exchange reaction
in the soil, where high SAR values represent seri-
ous physical problems lead to difficult absorption
of water by plants. Reddy et al. (2013) illustrated
that high SAR value gives the soil compactness and
impervious features. Furthermore, KR values were
recorded above 1, suggesting unsuitability for irriga-
tion due to alkali hazards (Singh et al., 2020). On the
other hand, Obasi et al. (2021) attributed the increase
in Na% to the non-occurrence and subsequent non-
dissolution of sodic minerals. However, Veena and

Satheeshkuamar (2018) related the high Na% in
water to chemical fertilizers that are not applied here
at the sampling area of discharge point of MRI efflu-
ents. The increase in Na% in irrigation water was
reported to reduce soil permeability (Obasi et al.,
2021). Besides, PI is another factor that affect soil
permeability and regulate the water movement and
nutrients uptake by plants (Abugu et al., 2021). The
obtained results showed high PI values in MRI efflu-
ents that lies in the unsatisfied category. This was in
agreement with Obasi et al. (2021) who attributed
this to mining distrct.

On the other hand, Islam et al. (2020) consid-
ered elevated CI™ concentrations as an indicator of
high organic wastes of industrial origin. This may
explain the high COD values obtained in the pre-
sent study, suggesting that MRI effluents were pol-
luted with a significant amount of organic matter
discharged from the MRI company, which may be
related to the manufacture of organic compounds
such as formalin and urea. In agreement with these
foundations, Traiq et al. (2020) attributed elevated
COD levels to industrial sources. However, Kaur
et al. (2021) correlated elevated COD values to the
presence of both oxidizable organic and inorganic
pollutants in industrial effluent indicating that a
high COD value is indicative of water quality dete-
rioration. Actually, this was achieved in the present
study where data showed an increase in heavy met-
als (Cd, Co, Fe, Mn, Ni, Pb, and Zn) in MRI efflu-
ent samples above WHO and/or FAO limits. This
may be because the MRI company is famous for
producing foundry resins. The process of manufac-
turing these resins passes through different steps
and reactions in which salts of divalent ions of Cd,
Co, Fe, Mn, Ni, Pb, and Zn are used as catalysts
(Mhamane et al., 2018). In this process, acidifi-
cation through the addition of acids such as min-
eral acids is included (Pelit et al., 2019). This may
explain the decreased pH value of effluent samples
which was lower than the WHO and FAO limits
for drinking and irrigation purposes, respectively.
In addition, Kalsom et al. (2020) revealed that the
acidic constituents of wastewater can be trans-
formed into acidic compounds leading to a lower
pH-value. This can be achieved in this study, as the
MRI company is famous to produce chemicals such
as formalin and urea that give effluents acidity.
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«Fig. 6 Photomicrographs of histological sections of the thy-
roid gland stained with H&E. Control group (a, al) show-
ing follicles (F), parafollicular cells (P), follicular epithelium
lined with squamous to columnar cells (arrow), central lumen
filled with colloid (CO), and a part of parathyroid gland (Pa)
appeared. In the 10%EF group (b, b1l) showing small reten-
tion of lobular architecture, follicular cells (F) filled with col-
loid (CO), and follicular epithelial cells containing flattened
nuclei (arrow). The 50%EF group (e, ¢1) showed the forma-
tion of microfollicles (curved arrow), pale colloid (CO), hem-
orrhage (He), flatness of follicular epithelium (arrow), and
the appearance of pyknotic nuclei (PN). In the 100%EF group
(d, d1) numerous microfollicles (curved arrow), absence of
colloid (CO) in most follicles, hyperplastic epithelium of fol-
licular cells (arrowhead), inflammatory cells (IC), presence
of migrated and isolated follicular cells (zigzag arrow), hem-
orrhage (He), and pyknotic nucleus (PN) were observed. For
100%EF + AG group (e, el) follicular cells of various sizes (F)
with lumen filled mostly with colloids (CO), hemorrhage (He),
and inflammatory cells (IC) were observed and the nuclei of
the follicular epithelium appeared rounded (arrow) with some
pyknotic cells (PN)

Bioremediation of MRI effluent samples using Ca-
alginate derived from brown algae was achieved in this
study. The obtained data showed that the treatment of
effluent samples for 5 h using Ca-alginate beads showed
a significant decrease in heavy metal concentrations
compared to untreated effluents. Zabochnicka-Swiatek
and Krzywonos (2014) explained the mechanism of
metal biosorption by microorganisms as the macro-
molecules of the cell wall structure, such as polysac-
charides and proteins, have a negatively charged func-
tional groups such as carboxyl, sulthydryl, carbonyl,
and hydroxy groups. These functional groups could
gravitate positively charged metals found in a solution
through the adsorption process (Chen et al., 2021).
Moreover, Refaay et al. (2022) attributed the adsorp-
tion capacity of alginate to the richness with carboxyl
groups, where calcium ions could be replaced by hydro-
gen ions on the carboxylic acid groups of the adjacent
chains, forming a polymetric matrix of Ca-alginate
distinguished by excellent pollutant capability through
passive adsorption between metal ions and binding sites
on the molecular structure (Tiwari & Kathane, 2013;
Bilal & Igbal, 2019; Aslam et al., 2021).

Moreover, the current data showed significantly
positively correlated elemental pairs of effluent sam-
ples. This agreed with Tariq et al. (2020), suggest-
ing that metals in industrial wastewater may have the
same source or chemical phenomenon.

Animal studies

In a process mimicking young livestock exposed to
different concentrations of MRI effluents at different
sites, the present study was concerned with possible
hazards in young rats that received different effluent
concentrations daily for 11 weeks. Metal bioaccumula-
tion in the rat liver is of great concern due to its high
sensitivity in the mammalian system to chemical toxic-
ity. The obtained results showed that Fe, Mn, Zn, Pb,
and Cd were the most accumulated metals in the liver
depending on the effluent concentration (10%, 50%,
and 100%) compared to the control group. This may
be due to the absorbance of metals by intestinal cells
that pass through the blood to the liver for the detoxi-
fication process by metallothionein protein synthesized
in the liver (Adoeoye et al., 2015). Bioaccumulation
of these heavy metals and organic compounds (not
analyzed) may act in synergy and/or antagonism to
induce several health alternations in a variety of body
tissues and organs. The present results showed a sig-
nificant increase in serum ALT and AST activities
and TB concentration in the effluent groups compared
to the control. Kanwar and Kowdly (2014) attributed
this to the presence of Fe, although it is an essential
element in the body, in excess, it could break the liver
barrier, leading to discharge of cell content to the
bloodstream. Osuala et al. (2014) added that Zn can
also cause irritation in liver cells and decrease intra-
cellular liver enzymes. Moreover, rough measures of
protein status reflect major functional changes in the
liver. The obtained data showed significant decrease
in serum total protein and albumin contents depending
on effluents concentrations compared to control group.
Talkhan et al. (2016) agreed with these results and
related exposure to heavy metals to reduced protein
content by impairing protein metabolism. Therefore,
the increased heavy metals and possibly unanalyzed
organic constituents of MRI effluents could be a source
of reactive oxygen species (ROS) that might disturb the
oxidant/antioxidant defense system in the body. This
was clearly observed in this study through the signifi-
cantly elevated levels of liver MDA and PC in all efflu-
ent groups referring to lipid peroxidation and protein
oxidation in liver cells. Hamdy et al. (2018) agreed
with this result, where extreme generation of free radi-
cals after exposure to Cd was the main cause of MDA
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and PC increases. In parallel, the obtained data showed
a significant decrease in the liver SOD, CAT, and GST
activities and GSH content in the effluent groups com-
pared to the control group. The antioxidants SOD and
CAT are the first line for body defense against toxicity.
These enzymes were reported to be decreased due to
excessive production of ROS induced by metal expo-
sure (Hamdy et al., 2018). Shen et al. (2020) explained
this through an in vivo study, where Pb and Cd can be
combined with reductive sulthydryl groups to antago-
nize the reducing effect of SOD and GSH and weaken
the ability of organisms to oxidize and metabolize
lipid products, leading to enhanced lipid peroxida-
tion. Moreover, Balali-Mood et al. (2021) revealed that
exposure to Cd could knock out the metallothionein
gene which resulted in decreased CAT activity. Fur-
thermore, in the literature, there are many conflicting
reports on the effect of metals on the activity of GST.
However, Kar et al. (2015) attributed the decrease in
GST to exposure to heavy metals such as Cd which
leads to the formation of transition complexes with
protein enzymes and consequently inhibits the activity
of antioxidant enzymes.

In support of this hypothesis, histological inves-
tigations in the livers of the investigated groups
showed severe damage in the effluent groups depend-
ing on the concentration compared to the control
group. Ebokaiwe et al. (2018) attributed this to the
direct and/or indirect effect of elevated ROS, where
the resulting lipid peroxidation can disrupt the struc-
ture of the liver. Kim et al. (2021) revealed that expo-
sure to Pb could inhibit antioxidant enzymes, altering
mitochondria and facilitating the release of O, . The
latter can attack liver tissue and distort its structural
integrity (Ebokaiwe et al., 2018).

On the other hand, exposure to chemical pollutants
including heavy metals may be related to alterations in
the hypothalamic-pituitary-thyroid axis, which affects
the body’s growth, development, and energy metabo-
lism (Lauretta et al., 2019). Indeed, the present study
focused on animals of young age to follow the pos-
sible growth changes. The abovementioned effects of
metals on the oxidative breakdown of energy sources,
including protein oxidation and reduction in total pro-
tein content, may provide an indication of the effect
of metals on the hypothalamus-pituitary-GH axis. In
this regard, the present study also showed significantly
decreased levels of GH dependent on metal concentra-
tions. Takahashi (2017) and Pan et al. (2021) reported
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that GH can stimulate the liver to produce insulin-
like growth factor 1 (IGF-1), an important hormone
in childhood growth. Thus, IGF-1 levels could be
decreased as a result of GH inhibition and liver dam-
age. Consequently, this may explain the significant
decrease in body weight and body weight gain espe-
cially in the 100%EF group, compared to the con-
trol. This decrease was significantly detected after six
weeks of exposure to 100% MRI effluents. This agreed
with Kenston et al. (2018), where no significant differ-
ence in body weight was recorded after four weeks of
exposure to a heavy metal mixture. Zhu et al. (2014)
attributed the decrease in body weight to progressively
severe systematic toxemia due to drinking effluents.

In support of this foundation, the thyroid gland also
plays a crucial role in body growth control (Yazbeck,
2012). This can be achieved by regulating the metabo-
lism of substances such as proteins, carbohydrates, and
fats, where thyroid hormones mainly promote oxidative
breakdown for energy supply (Sinha et al., 2018). The
present study showed a significant decrease in serum
T3 and T4 thyroid hormones in effluent groups with
elevated metal concentrations compared to the control
group. It was reported that most of the circulating thy-
roid hormone T3 is created through extrathyroidal deio-
dination of T4 which mainly occurs in the liver depend-
ing on 5'-monodeiodinase (5'-D) (Germain et al., 2009).
Matovic et al. (2015) illustrated that Cd and Pb can
inhibit 5'-D activity by binding to the sulphydryl groups
of this enzyme. Balali-Mood et al. (2021) related the
decrease in T4 levels to metal exposure, such as Cd and
Pb, which influence the production and/or secretion of
T4 by follicular cells. This probability was supported
in this study by histological examination of the thy-
roid gland, where follicular cells collapsed and disinte-
grated with the lack of colloids, hyperplasia, damaged
and/or reduced number of cell organelles, especially
in the 50% and 100% Ef groups. This was incompat-
ible with Elroghy and Yassien (2020), who explained
that Cd could accumulate in the mitochondria of thy-
roid follicular epithelial cells and inhibit the synthesis
and release of thyroid hormones, causing severe dete-
rioration in both the structure and function of the thy-
roid gland. In parallel, the obtained data showed sig-
nificantly increased levels of serum TSH in the effluent
groups compared to the control. Yang and Ma (2021)
explained the increase in TSH to stimulate thyroid cells
to secrete T3 and T4 hormones through a negative feed-
back mechanism.
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For complete assessment of health status in investi-
gated rat groups, examination of blood parameters was
achieved to illustrate its nutritional and pathological
role. The results showed a significant decrease in most
hematological indices (RBCs count, Hb content, Hct%,
MCV, MCH, MCHC, and WBCs count), especially at
100%.EF group compared to control. David et al. (2020)
attributed this decrease to the generated ROS from met-
als that disrupt hematopoiesis in the bone marrow.

Bioremediation using algae has been successfully
used as a biosorbent for heavy metal detoxification
(Bilal et al., 2018; Hamdy et al., 2018). The treatment
of 100%EF with Ca-alginate (100%EF+ AG) group
showed significantly decreased accumulation of the
studied heavy metals in the rat liver compared to dif-
ferent effluent groups. This result exactly referred to
the successful role of Ca-alginate as a biosorbent for
heavy metal detoxification. This was significantly
clear with decreased oxidative stress parameters
(MDA and PC) and increased antioxidants (SOD,
CAT, GSH, GST) along with an amelioration in liver
function represented by decreased ALT, AST,TB,
increased TP and Alb, analyzed hormones (increased
GH, T3, T4 and decreased TSH), and increased
hematological indices (RBCs count, Hb content,
Hct%, MCV, MCH, MCHC, and WBCs count).
Moreover, histological alterations induced by drink-
ing treated effluents (100%EF +AG) group showed
clear improvement in both the structure of the liver
and thyroid gland compared with the effluent groups.
Hamdy et al. (2018) attributed this improvement to
the marked reduction in metallothionein levels after
treatment of heavy metal polluted water with algae.

Conclusion

This study illustrated high effluents concentration of
most physicochemical parameters and heavy metals
(Cd, Co, Fe, Mn, Ni, Pb, and Zn) above the WHO
and FAO limits, indicating the unsuitability of MRI
untreated effluents for drinking or irrigation purposes.
Treatment of effluents by using Ca-alginate beads
for 5 h represented an effective and safe biosorbent
for heavy metal decontamination and purification of
effluents. However, non-significant changes in the
physicochemical characteristics of effluents were
observed with treatment. Moreover, in a process mim-
icking livestock exposure to polluted effluents at dif-
ferent sites, young rats exposed to different effluent

concentrations showed significant increase in heavy
metals concentration accumulated in liver of inves-
tigated groups. This was accompanied by significant
disturbance in liver function and oxidative system
along with disruptors in growth and thyroid hor-
mones leading to growth retardation and body weight
loss. All these foundations were supported by histo-
pathological investigations in the liver and thyroid
gland. This may indicate that closer villages to the
MRI company, greater risks will be found, whether
in terms of usage in irrigation or for watering live-
stock. However, rats received treated effluents with
Ca-alginate beads showed significant amelioration in
different investigated parameters compared to efflu-
ent groups. Nevertheless, Ca-alginate beads should be
applied to MRI effluents for heavy metals biosorption,
while further studies are needed to improve the phys-
icochemical characteristics of effluents.
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