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Abstract 

Industrial wastewater polluted with high concentrations of Cr is commonly discharged into water resources with-
out proper treatment. This gives rise to the deterioration of water quality and imposes adverse effects on public 
health. Therefore, this study is aimed at removing Cr from electroplating wastewater using activated carbon produced 
from water hyacinth under a full factorial experimental design with three factors and three levels (pH,2,5 and 8, adsor-
bent dose 0.5,1and1.5 in 100 mL and contact time 30, 60 and120 min). A phosphoric acid solution of 37% was used 
to activate the carbon, which was then subjected to thermal decomposition for 15 min at 500 °C. The activated 
carbon was characterized by the presence of a high surface area (203.83 m2/g) of BET, cracking of adsorbent beads 
of SEM morphology, amorphous nature of XRD, and many functional groups of FTIR such as hydroxyl (3283 cm−1), 
alkane (2920 cm−1), nitrile (2114 cm−1) and aromatics (1613 cm−1). The minimum Cr adsorption performance of 15.6% 
was obtained whereas maximum removal of 90.4% was recorded at the experimental condition of pH 2, adsorbent 
dose of 1.5 g/100 mL, and contact time of 120 min at a fixed value of initial Cr concentration of 100 mg/L. Similarly, 
the maximum Cr removal from real electroplating wastewater was 81.2% at this optimum point. Langmuir’s model 
best described the experimental value at R2 0.96 which implies the adsorption is chemically bonded, homogeneous, 
and monolayer. Pseudo-second-order model best fits with the experimental data with R2 value of 0.99. The adsorbent 
was regenerated for seven cycles and the removal efficiency decreased from 93.25% to 21.35%. Finally, this technol-
ogy is promising to be scaled up to an industrial level.
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Introduction
The discharge of untreated wastewater with heavy met-
als into the environment can harm both the ecosystem 
and public health. Water pollution is increasing rap-
idly from time to time and contributing significantly 
to water stress and scarcity whereas the global water 
demand is increasing rapidly which will be estimated 
to be 5440–6900 billion  m3 by 2050. Water stress hit 
the life of over 2 billion people which will rise to 40% 
of the global water deficit by 2030. Contamination of 
freshwater bodies with chemicals is rapidly increasing 
but the knowledge of its impacts is still scant. Globally, 
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more than 80% of all industrial and municipal waste-
water is discharged into the environment without prior 
treatment [1]. The big challenge to water quality and 
sustainability will be the irresponsible discharge of pol-
lutants into the environment [2]. The chemistry and 
toxicity levels of the heavy will be unknown in the long 
run and the potential to degrade public health and the 
environment would be severe [2]. However, exposure 
to micropollutants including heavy metals can result 
in mutations, endocrine disruption, a congenital disor-
der, dermal pathologies, high toxicity, carcinogenicity, 
reproductive impairments, neurobehavioral disorders, 
and physical abnormalities [3–6]. In line with this, elec-
troplating wastewater is among many industrial waste-
waters, which contains a high concentration of Cr that 
can cause a huge health threat to the public and the 
environment. Normally, the electroplating technique 
comprises several activities like acid pickling, alkaline 
cleaning, plating, and rinsing which results in a huge 
amount of heavy metals, cyanides, nitrates, and sulfate 
complexes in the wastewater [7]. Particularly, the con-
centration of Cr in electroplating wastewater is high. 
Similarly, Cr is the most consumable about 90% of the 
tanning process in the leather industries. However, Cr 
is a toxic and abundant chemical in many industries 
across the globe [8]. Cr is the primary chemical used in 
the chrome process method and many unit operations 
used in the industry [9, 10]. Severe environmental pol-
lution of chrome is highly associated with the discharge 
of the Cr saturated industrial wastewater including the 
electroplating wastewater [11]. In addition to Cr, other 
harmful chemicals such as phthalates, grease, organic 
chemicals (tannins), sulfonated oils, azo dyes, surface-
active compounds, and phenolic compounds have been 
commonly used in many industrial processes [12]. This 
is significantly contributing to the toxicity of industrial 
wastewater. Cr exists in different forms such as chro-
mate (CrO4

2–, Cr(OH)2+, Cr(OH)3
◦, and Cr(OH)4

−) 
and dichromate (Cr2O7

2–, HCrO4
−, and CrO4

2− which 
showed the complex chemistry of the Cr. This, in turn, 
creates a complex aquatic environment with severe 
long-run impacts on public and environmental prob-
lems [13, 14]. Moreover, many public health problems 
such as mutagenic, anemia, kidney dysfunction, car-
cinogenic, diarrhea, skin irritation, liver failure, lung 
cancer, and vomiting [12, 13, 15, 16]. Currently, the tox-
icity and hazardous nature of the Cr have escalated to 
a high level of toxicity including genotoxicity, cytotox-
icity, and phytotoxicity. However, the level of toxicity 
of the Cr is varied based on the oxidation number. For 
instance, Cr (VI) is 500 times more toxic than Cr (III) 
[17]. Generally, Cr disposal management is essential 

before the discharge of the effluent from tannery indus-
trial wastewater.

Conventional wastewater treatment processes are not 
sufficiently eliminated heavy metals including Cr [18]. 
But, advanced water treatment technologies such as 
membrane separation processes, advanced oxidation pro-
cesses, ozonation, adsorption, and membrane bioreactors 
achieved high Cr removal [6, 19–21]. Recently, advanced 
wastewater treatment technologies are considered the 
state of the art in heavy metal removal [22]. These tech-
nologies have many limitations including highly skilled 
men, expensive, massive sludge production, possessing 
pollutants by-products, and intensive consumption of 
the chemical, and energy. These situations make the tech-
nologies inconvenient for developing countries. However, 
adsorption is considered effective, efficient, conveni-
ent for upgrading, simple to design, and eco-environ-
mentally practically [23]. Particularly, the performance 
of activated carbon is excellent but its wide application 
is limited due to the high production cost [24]. Hence, 
searching for low-cost, efficient, and locally available 
materials is still an ongoing process. Normally, the selec-
tion of precursor materials and the production of perfect 
adsorbents is a challenging topic in the adsorption indus-
try. Materials sustainability and regeneration of adsor-
bents are a big challenge in the water treatment sector. 
These adsorbents are supposed to give the way to reha-
bilitate, reuse and recycle to ensure sustainability [25]. 
Essentially, an ideal adsorbent should be available easily, 
non-soluble, efficient, easily manufactured, non-toxic, 
cost-effective, eco-friendly, and regenerate effortlessly 
[26]. Among many adsorbent groups, laboratory-based 
activated carbon is promising and many efforts have been 
made for the water and wastewater purification depart-
ment. Hence, searching for different kinds of adsorbents 
and activating methods are essential components of the 
adsorption processes. In line with this, many activated 
carbons produced from locally available materials such as 
bamboo, coconut husks, willow peat, wood, lignite, coal, 
water hyacinth, and petroleum pitch have been reported 
[23, 27, 28]. Some of these activated carbons have been 
applied for Cr from aqueous solutions and wastewater 
[21, 29–32]. Generally, for water purification use water 
hyacinth as an adsorbent material.

Water hyacinth (Eichhornia crassipes) floating macro-
phyte with a high density of 60 kg/m2 and height of 1 m. 
Water hyacinth is a plant that is grown in many climatic 
conditions including in Asia, Australia, Africa, Europe, 
North America, and southeast Asian countries. This 
plant can be considered an invasive and nuisance plant 
that can shade aquatic ecosystems, block water flow 
and reduce the concentration of dissolved oxygen in the 
water. Normally, water hyacinth is the most problematic 
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aquatic weed in the world with uncontrolled spread-
ing across the water bodies outside its native area [33]. 
Globally, water hyacinth is a huge threat to water bodies 
and the survival of aquatic organisms. Recently, water 
hyacinth is using as a bio-sorbent that is composited of 
carbon and oxygen mostly chemically [34]. This biosorb-
ent was modified chemically through alkali (NaOH), 
acid, and peroxide and has been proven to enhance the 
efficacy of the adsorbents. Water hyacinth biosorbent 
can also be modified by using the quaternary ammonium 
salt, N-Cetyl-N, N, N–trimethyl ammonium bromide 
for the decolorization of the hazardous textile dye [35]. 
The biochar of this plant was effective in the removal of 
heavy metals like Cd which was reported in the range of 
from 24.2 to 45.8  mg/g even though it can reach up to 
70 mg/g [36]. The maximum adsorption capacities of bio-
char of water hyacinth for Ni2+ 28.6 ± 3.9, Zn2+ 18.9 ± 1.6, 
and Pb2+ 76.8 ± 4.7  mg/g at 25.0  °C [33]. A pair of elec-
trons on the oxygen of activated carbon can be shared 
with the cation of the heavy metals which enhances the 
adsorption process reflected by the removal of 95% lead 
(II) at initial concentrations of 100 mg/L [37]. Similarly, 
the adsorption of phosphorus through this biochar was 
fostered efficiently up to 60 mg P/g indicating that water 
hyacinth is a potential adsorbent to mitigate water pol-
lution [38]. The application of water hyacinth biochar 
for wastewater treatment reduced the concentrations 
of Cl−, BOD5, COD, and Cr III by 56, 93.4, 92.6, and 

99%, respectively [39]. The applications of water hya-
cinths for the treatment of water bodies are the balance 
between water purification and enhancing the health of 
the aquatic species. This is a good opportunity that can 
convert the nuisance-invading species into adsorbent 
material. But, the study of water hyacinths activated car-
bon under various surface functionalities and prepara-
tion methods for Cr removal and treatment optimization 
was limited in the literature. Therefore, this study aimed 
to remove chromium from electroplating wastewater 
using activated carbon from water hyacinth under a full 
factorial experimental design using adsorbent dose, pH, 
and contact time. The optimization and interaction of 
adsorption were performed through three factors at the 
three-level full factorial approaches which can reduce the 
number of experiments, time utilized, better treatment 
performance, and resource consumption.

Materials and methods
Wastewater sampling and characterization
Wastewater sample was collected from the plating 
and cleaning shop of Ethiopian airlines MRO which is 
located at Addis Ababa Bole International Airport serves. 
This area is situated at a geographical coordinate of 
8o58′40’’N, and 38o47′57″ E which is indicated in Fig. 1. 
Ethiopian Airlines is an Ethiopian flag carrier wholly 
owned by the Ethiopian government. Ethiopian Air-
lines was founded on December 1945 and commenced 

MRO, plating shop

Fig. 1  Ethiopian airlines MRO, Plating Shop location at the Bole international airport
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on 8 April 1946 which was expanded to an international 
flight in 1951. Represent composite wastewater samples 
were collected three times a day and thoroughly mixed. 
The sample was collected in polyethylene plastic bottles 
which were washed with detergent and diluted acid and 
finally rinsed with distilled deionized water. Some of the 
water samples were analyzed immediately on site for a 
few physicochemical parameters such as temperature, 
electric conductivity, and pH whereas the rest param-
eters were analyzed at the laboratory after the samples 
were transported to Addis Ababa Science and technology 
university and stored in the refrigerator at 4 °C until the 
analyses were performed. Normally, the sampling of the 
physicochemical parameter was duplicated and triplicate 
analysis was carried out. Particularly, the physicochemi-
cal parameters such as temperature, electric conductivity, 
COD, TS, and Cr used standard methods for the exami-
nation of water and wastewater and the results of these 
analyses were reported in the form of the mean plus 
standard deviations [23, 28, 40, 41].

Adsorbent preparation and characterization
Preparation of activated carbon
The water hyacinth samples were collected from Lake 
Denbel and then the plant sample was washed with dis-
tilled water several times and dried at low room temper-
ature. The water hyacinth sample was dried properly in 
the oven at a standard temperature of 70 °C for 24 h. The 
dried sample was chopped up at different meshes sizes 
of 125 to 150 μm and the size distribution was arranged 
using sieve separation. The prepared activated and raw 
adsorbent was indicated in Fig.  2. The dried water hya-
cinth sample was activated using 37% phosphoric acid 
solution in the ratio of 1:1 power of water hyacinth (mg) 
to phosphoric acid (mL) [28]. The sample was properly 
soaked in a solution for 24 h at room temperature. Then, 
the sample was washed thoroughly and dried in an oven 

at 110 ± 5 °C. This adsorbent material was thermally acti-
vated at a temperature of 500  °C for 15 min in a muffle 
furnace [21]. Finally, after cooling the adsorbent material, 
it was deposited in a plastic bag and stored in the desic-
cator until it was used for the adsorption process [21, 28, 
30, 31].

Adsorbent characterization
Proximate analysis  Proximate analysis such as the ash 
content, moisture content, volatile matter, and fixed car-
bon of activated carbon was performed according to the 
American Society for Testing and Materials. The moisture 
content of activated carbon was carried out by heating a 
1.0 g adsorbent sample in an oven at 110 °C for 2 h and the 
moisture lost was calculated in percentage. Similarly, the 
volatile matter of activated carbon was determined after 
heating 1 g of adsorbent in the muffle furnace at 800 °C for 
8 min. Thirdly, the ash content of the adsorbent was calcu-
lated as the amount of the residue after thorough heating 
of 1 g of adsorbent at 500 °C for 4 h. Finally, the fixed car-
bon of the activated carbon was calculated by subtracting 
the sum of all the percentages of the amount of moisture, 
ash content, volatile matter, and fixed carbon from 100%. 
The percentage of moisture content, volatile matter, Ash 
content, and fixed carbon were indicated in Eqs. (1), (2), 
(3), and (4), respectively.

where MC is the moisture composition of activated car-
bon in percentages, W1 is the weight of activated carbon 
before the application of thermal (g) and W2 is the weight 
of the adsorbent sample after thermal drying (g), VM, of 
volatile matter, AC represents Ash content and FC is the 
fixed carbon in adsorbent materials [42].

The pH of the point of zero charges ( pHpzc)  The surface 
charge of the adsorbent materials is measured using the 
pH of the point of zero charges ( pHpzc ). The measure-
ment of pHpzc was performed using 1 g of activated water 
hyacinth adsorbent which was placed in 50 mL solution in 
Erlenmeyer flasks for the time of 48 h and the pH of the 
Solution was adjusted using the solution of 0.01 M HCl 
and 0.01 M NaOH in the range of the 2 to 12 pH. Finally, 

(1)MC(%) =
W1 −W2

W1
∗ 100%

(2)VM =
W1 −W2

W1
∗ 100%

(3)AC(%) =
W2

W1
∗ 100

(4)FC(%) = 100%− (MC%+ VM%+ AC%)

Fig. 2  Water hyacinth activated carbon A and raw water hyacinth 
adsorbent B 
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the value of the pHpzc was determined from the intercept 
of pH final and pH initial curves [35, 43].

Scanning electron microscope (SEM)  One of the essen-
tial characterizations of the adsorbent materials is surface 
morphology. The surface morphology of the adsorbent 
was studied using the SEM analysis which is named JCM-
6000PLUS BENCHTOP SEM, JOEL, Japan. The specific 
analysis was carried out under conditions that depend on 
the intention of the analysts. These specifications are the 
magnification, working distance, voltage irradiated, probe 
utilization, and secondary electron emission. The ready-
made adsorbent powder sample was placed on coated car-
bon tape of the sample holder. Then the adsorbent sample 
was characterized at operated at a current of 10 A work-
ing distance of 8 mm and operating energy of 15 kV with 
1000 ×magnification [23, 28, 44].

Fourier transform infrared (FTIR) spectroscopy  The sur-
face functional groups of the adsorbent are very essen-
tial to understanding the surface interaction between 
the adsorbent and adsorbate material in water solution. 
The functional groups of the adsorbent before and after 
adsorption were evaluated using Fourier Transform 
Infrared spectroscopy (FTIR, Thermo Nicolet 5700, and 
Waltham, MA, USA). The black adsorbent material is not 
conducive to analysis of the function groups and then 
adjusted to transparent using KBr. Hence, the adsorbent 
to KBr ratios was fixed at 2:200 which was thoroughly 
mixed to form a homogeneous mixture. This mixture was 
further grounded and an adsorbent pellet was formulated. 
This pellet was analyzed using FTIR spectroscopy at the 
range of wavelength of 500–4000 cm−1. Accordingly, the 
most common scanning rate in many researchers was 32 
times/min and resolution can be varied according to the 
interest of the researcher [23, 35].

Brunauer–Emmett–Teller (BET)  The most common 
method for the specific surface area of the adsorbent is 
Brunauer–Emmett–Teller (BET). This process is per-
formed through the adsorption and desorption of liquid 
nitrogen at 700  mm atmospheric pressure. This experi-
ment was carried out using the BET surface area ana-
lyzer (Horiba instrument Inc. SA-9600). Normally, the 
adsorption–desorption was operated at −  196.5  °C of 
liquid nitrogen. But, the vacuum condition of adsorbent 
degassing temperature was performed at 150 ◦C . Finally, 
the value of the BET-specific surface area of the adsorbent 
before and after adsorption was calculated using the p/p0 
ratio of the isothermal graph [23, 45].

X‑ray diffraction (XRD)  The XRD technique is used to 
identify the crystalline or amorphous nature of the adsor-

bent materials. The specific machine used in this experi-
ment was the X-ray powder diffraction (XRD) instrument 
(XRD-X-ray tube Cu 40  kv, 40  mA, Olympus BTXH) 
which was described by tube cu40 kV, 40 mA. The adsor-
bent powder analysis was operated at a Cu Kα source 
(λ = 1.54178 Å) and a scanning rate of 1 ◦/min in the range 
of 10–70 ◦of  2θ through the continuous measuring mode. 
Moreover, the experiment was carried out using voltage 
and current of 15 kV and 5 mA at a fixed wavelength of 
1.541  nm throughout the analysis. The peak observed 
during the analysis was used to differentiate the nature of 
the adsorbent [23, 27, 46].

Chromium adsorption optimization
Chromium (IV) solution was prepared by dissolving 
2.82 g of K2Cr2O7 in 1 L of distilled water 1000 mg/L Cr 
stock solution as indicated in Fig. 3. The working solution 
of chromium was prepared through a dilution process. 
The value of the Cr concentration was fixed according to 
the experimental design indicated in Table 1 [31, 32]. This 
experimental value was fixed based on the experimental 
and literature documents. a full factorial experimental 

Fig. 3  The stock solution of chromium (IV)

Table 1  Factors and corresponding levels for full factorial 
experiment design

S.No Variables Low (− 1) Middle (0) High (+ 1)

1 Adsorbent dosage 
(g/100 mL)

0.5 1 1.5

2 pH 2 5 8

3 Contact time (min) 30 60 120



Page 6 of 17Worku et al. BMC Chemistry           (2023) 17:85 

design with three factors and three levels described as 
pH,2,5 and 8, adsorbent dose 0.5,1 and 1.5 in 100  mL, 
and contact time 30, 60, and 120 min.

The Cr adsorption process was performed at room 
temperature under batch mode delivery. The removal 
efficiency of adsorbent material was calculated using 
removal percentage. Many adsorption experiments were 
performed differently [21, 31, 32]. The adsorption process 
was a full-factorial experimental design 33 which resulted 
in 27 runs. The experimental numbers of the study were 
reduced to 20 runs based on the experiment number 
reduction mechanism (Box-Behnken design). The upper, 
middle, and lower values of the factors were designated 
with “− 1”, ‘‘0’’ and ‘‘ + 1’’, respectively. In this analysis, the 
Cr removal was the dependent variable whereas the fac-
tors such as adsorbent dose, pH, and contact time were 
independent variables. As a rule, the order of the experi-
ment was arranged and performed based on a random 
selection method. Response surface methodology (RSM) 
was used to study the adsorption interactions. Normally, 
RSM is a collection of mathematical and statistical meth-
ods that are useful for the modeling and analysis of engi-
neering problems. The effect of the main and interaction 
was investigated intensively.

The efficiency of the adsorbent was calculated using 
Eqs.  5, 6. The adsorption efficiency and capacity of the 
adsorbent (qe) were the most commonly used equation in 
adsorption evaluation tasks [23, 28, 42].

where R is the Cr removal percentage, Ci is the initial Cr 
concentration (mg/L), Co (mg/L) is the initial Cr concen-
tration, V (L) is the volume of the solution, m (mg) is the 
mass of the adsorbent utilized, Ce (mg/L) is the equilib-
rium Cr concentration, and Cf is the final Cr concentra-
tion (mg/L) after the treatment.

Adsorption isotherms
Adsorption isotherms were evaluated using initial 
chromium concentrations of 60, 80, 100, 120, and 
140  mg/L at the fixed values of the adsorbent dose of 
1.5 g/100 mL, contact time 120 min, solution, and pH 2. 
The two most common adsorption isotherms were used 
in this adsorption study. These two isotherms are Lang-
muir and Freundlich’s models were used in many analy-
ses of water and wastewater. These two models are the 
most commonly used adsorption isotherms in water 

(5)R(%) =

(

Ci − Cf

Ci

)

∗ 100

(6)qe =

(

Co − Ce

m

)

∗ V

and wastewater. The assumption behind the Langmuir 
isotherm is that the adsorbate accumulation is a mon-
olayer for all binding sites whereas the Freundlich iso-
therm designates for multiplayer adsorption. Finally, 
the simplified and linearized forms of the Langmuir 
and Freundlich isotherms were shown in Eqs.  (7), (8), 
(9), respectively.

where qmax (mg/g) is the maximum adsorption capac-
ity, Co (mg/L) is the initial concentration, KL (L/mg) is 
the Langmuir constant, KF indicates adsorption capac-
ity (mg/g), 1/n is an empirical parameter related to the 
intensity of adsorption indicating favorable conditions 
if its value is between 0.1 and 1, Ce (mg/L) is the equi-
librium values of initial concentration, qe (mg/g) is the 
adsorption capacity at equilibrium, the RL is the dimen-
sionless, separation constant of Langmuir adsorption, 
favorable adsorption, the RL value should be in between 0 
and 1; for unfavorable adsorption, the RL value is greater 
than 1, whereas RL values equal to 1 or 0 indicate linear 
and irreversible adsorption processes, respectively [45].

Adsorption kinetics
Pseudo-first-order and pseudo-second-order models 
were used to determine the adsorption kinetics param-
eters at a contact time of 30, 45, 60, 90, and 120  min. 
The study was conducted at a fixed value of pH 2, an 
adsorbent dose of 1.5  g/100  mL, and an initial chro-
mium concentration of 60  mg/L. The linearized forms 
of Pseudo-first-order and pseudo-second-order kinetics 
models are shown in Eqs. (10), (11) respectively.

where qt is the amount of Cr (III) on the surface of the 
activated carbon at time t (mg g−1) K2 is the rate constant 
of the pseudo-second-order adsorption (g/mg min) and 
k1 is the equilibrium rate constant of the pseudo-first-
order adsorption (min−1).

(7)
Ce

qe
=

Ce

qmax
+

1

KLqmax

(8)RL =
1

1+ KLCe

(9)log qe = logKF +
1

n
logCe

(10)log(qe − qt) = logqe −
K1t

2.303

(11)
t

qt
= (

t

qe
)+

1

K2q2e
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Regeneration study
The adsorbent regeneration and reusability were inves-
tigated by using 1  M of NaOH as a desorbing solution. 
A 3 g of saturated adsorbent is added to 150 mL NaOH 
solution and agitated by a mechanical stirrer for 120 min 
at 400 rpm at room temperature (25 ◦C ). The filter paper 
was used to separate the regenerated adsorbent from the 
desorbing solution. Then, the adsorbent was washed with 
distilled water up to pH 7. The adsorbent was recycled 
for cations adsorption for seven successive cycles.

Results and discussion
Physicochemical properties of electroplating wastewater
The physicochemical properties of electroplating waste-
water were investigated thoroughly and the values of 
the findings are present in Table  2. The values of each 
parameter are presented in the form of means plus stand-
ard deviation to check the variation among replications 
and duplicate measurements. In line with this, the aver-
age temperature and wastewater pH was found to be 
21.00 ± 0.75  ℃ and 3.12 ± 0.81, respectively. These two 
wastewater parameters are decisive to influence the bio-
chemical reaction of water and soil in addition to waste-
water treatment performances. According to Ethiopian 
industrial effluent discharging standards, the maximum 
permissible discharging limits of wastewater in terms of 
temperature should be lower than 40 ℃ and the pH has to 
be within the range of 6–9. In terms of temperature, the 
wastewater is safe and can be discharged into the envi-
ronment without further treatment intervention. How-
ever, this very acidic wastewater can’t be released into the 
environment without treatment. The discharge of such 
wastewater can affect the biochemical reaction of aquatic 
organisms, enhance the acceleration of the reaction rate 
for various chemical reactions in water bodies, increas-
ing the solubility and complexity of organic and inorganic 
chemicals. The property of the wastewater showed that 
either dilution or chemical neutralization process is very 
essential before discharge or treatment. Total solid and 

EC of wastewater were found to be 351.64 ± 9.60  mg/L 
and 27.25 ± 0.23  mS/cm. Total solid is attributed to the 
dissolved and filtrate which can block the transparency of 
water bodies and reduce the amount of dissolved oxygen 
that endangers the survival of aquatic life through per-
turbation of normal interaction of living organisms and 
biochemical reactions whereas electrical conductivity 
is associated with the presence of total ions with charge 
numbers( mono-, di-, tri- and tetra charged ions) [20, 23]. 
Generally, such high concentrations of total solid matter 
can also impact the physicochemical and biological prop-
erties of soil and water bodies.

The presence of organic matter is indicated by the high 
presence of a high concentration of COD and BOD5. But, 
the impact on wastewater treatment and the environ-
ment is described by the ratio of the BOD5/COD which 
is called the biodegradability index (BI). This biodegrada-
bility is can provide a lot of information about the selec-
tion of the right treatment and treatment plant. BI of 0.6, 
between 0.3 and 0.6, and below < 0.3 to indicate effective-
ness, acclimatization required, and difficulty to go for 
biological treatment, respectively. Hence, the calculated 
value of BI in electroplating wastewater was about 0.43 
which indicated that acclimatized microbial is mandatory 
in case the biological treatment plants use it. The aver-
age concentration of chromium recorded throughout the 
study period was 92.38 ± 0.768  mg/L. The high concen-
tration of chromium in the wastewater is attributed to 
the amount of chromium consumed in the electroplating 
process particularly in new landing gear components and 
worn-out parts to prevent corrosion. The World Health 
Organization set the maximum permissible Cr (VI) con-
centration in potable water at 0.05 mg/L. The maximum 
permissible Cr (VI) concentration in potable water and 
surface water is 0.1 mg/L whereas industrial effluent dis-
charging limits 0.25  mg/L according to EPAs of many 
nations [28]. Chromium concentration in electroplat-
ing wastewater is exceeding the maximum permissible 
discharging limits. The high risk of exposure to the high 
concentration of chromium is associated with its high 
solubility and migrant ion in the water solution Exposing 
this high concentration of chromium to the nearby envi-
ronment and public health can cause kidney dysfunction, 
pulmonary congestion, skin irritation, hepatitis, anemia, 
diarrhea, and vomiting [47].

Characterization of adsorbent
Proximate analysis
The organic carbon and inorganic components of the 
adsorbent were evaluated using proximate analysis. The 
weight percentages of the adsorbent were explained 
in terms of moisture, ash, fixed carbon, and volatile 
contents and presented in Table  3. Normally, a good 

Table 2  The average values of physicochemical characteristics 
of electroplating wastewater

Parameters Values

pH 3.10 ± 0.81

EC (mS/cm) 27.25 ± 0.23

Temperature (  C) 21.05 ± 0.156

BOD5 (mg/L) 316.25 ± 3.30

COD (mg/L) 750.87 ± 8.21

TS (mg/L) 351.00 ± 9.60

Cr (mg/L) 92.16 ± 0.768
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adsorbent to be with a high percentage of fixed carbon 
and low composition of ash content. Moreover, the low 
moisture and volatile compositions of activated car-
bon are other good properties of a quality adsorbent. 
The fixed carbon is calculated based on the composi-
tion differences between 100% and the rest compo-
sition. The fixed carbon of this study was found to be 
63.73% which indicated a good composition in line with 
many locally prepared adsorbents of the activated car-
bon. Thus, the activated carbon prepared from water 
hyacinth has a great potential to be scaled up for fab-
rication of the commercial activated in line with these 
specific parameters. In general, the composition of the 
proximate analysis was found to be in line with the find-
ing of the study showing moisture content of 4.620%, 
ash at 36.0%, fixed carbon at 42%, and volatile matter 
at 10.43% [48]. To be a good adsorbent of activated car-
bon, the least component of the fixed carbon is 60% and 
above [49]. Similar values of the fixed carbon of locally 
prepared activated carbon were reported [28, 42, 50].

The pH point zero charge (pHpzc)
The pHpzc of activated carbon is essential to determine 
the surface charge of the adsorbent. This showed that the 
point at which the net surface charge is zero. The pHpzc 
of activated carbon was found to be 7.8 which is pre-
sented in Fig. 4. This point determines the degree of the 
interaction between the adsorbate and adsorbent mate-
rial. The surface charge of the activated carbon is posi-
tive below 7.8 and completely negatively charged above 
this point in an aqueous solution. Hence, based on the 
chemical composition (functional groups) and pH of 
the adsorbate, the nature of interaction and the possibil-
ity of the adsorbent’s effectiveness can be estimated. The 
adsorption effectiveness pH of anions is usually below 
the pHpzc whereas the cation’s adsorption is above the 
pHpzc. The pHpzc can be found at any pH but the com-
mercial AC powders (ACS25) 5.0, oil palm trunk-derived 
activated carbon 4.8, Leucaena leucocephala seed pod 
activated carbon 5.20, granular activated carbon 4.89, 
and rice husk activated carbon-supported Zink oxide 
5.10 were reported [51–55].

BET‑specific surface area
One reliable method of specific surface area evaluation 
was the BET method which is based on the adsorption–
desorption method under nitrogen gas. After gassing the 
activated carbon of water hyacinth, the specific surface 
area was determined using BET isotherm studies. Based 
on this approach, the specific surface area of the adsor-
bent before adsorption was found to be 203.83 m2/g. This 
value of the surface area is high and has a high potential to 
remediate water and wastewater [28, 35]. Fundamentally, 

Table 3  The proximate composition of activated carbon of 
water hyacinth in terms of the weight percentages

Proximate analysis Mass%

Moisture 6.30

Volatile matter 13.40

Ash content 19.17

Fixed carbon 63.73

Fig. 4  The pHpzc of activated carbon of water hyacinth
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the high specific surface area, fixed carbon composi-
tion, and low ash content are the precondition for good 
adsorbent to interact with multifunctionality pollutants 
that could be found in water and wastewater systems. 
Even though the specific surface area is associated with 
the particle size which will increase with decreasing the 
particle size. The specific surface area of this adsorbent is 
superior compared to laboratory-based locally prepared 
activated carbon. After adsorption, the specific surface 
area of the adsorbent is decreased to 153.33  m2/g. The 
occupation of pores by the Cr (VI) ion might be the rea-
son for the reduction of the specific surface area.

Fourier transforms infrared spectroscopy (FTIR)
The functional groups of the activated carbon of water 
hyacinth were assessed using FTIR analysis. The num-
ber of the functional groups of the adsorbent is pre-
sented in Fig. 5. This adsorbent showed the presence of 
many functional groups which indicates the promising 
adsorbent to interact with many pollutants in the waste-
water. The band at 3283  cm−1 and 3386 is attributed to 
O–H stretch vibration, 2920  cm−1 corresponds to C-H 

stretch vibration for alkanes, 2114  cm–1 attributed to 
non-conjugated C-N stretching vibrations, 1613  cm−1 
and 1576  cm−1 correspond to C = O stretch vibration of 
carboxylate, 1321 cm−1 and 1442 cm−1 attributed to C-H 
bending vibrations (C-H deformation), 1013  cm−1 and 
1057  cm−1 correspond to C-O stretches. Peaks at 766, 
793, and 872 cm−1 are attributed to C-H bending vibra-
tion. The peaks at 569 cm−1 and 521 cm−1 correspond to 
phosphate groups from the phosphoric acid [28, 35, 56]. 
The presence of the C-O stretch indicates the alcoholic 
hydroxyl groups, especially the primary alcohols. These 
multi-functionalities corroborate the findings of the pre-
viously studied activated carbon. In addition to the high 
surface area, surface multi functionalities of activated 
carbon are good adsorbents with promising adsorption 
performances.

SEM surface morphology
The SEM surface morphology of the activated water hya-
cinth was examined and the outcome of the SEM analy-
sis is illustrated in Fig.  6. Unevenly distributed ups and 
downs with huge cracks were found on the surface of the 

Fig. 5  The FTIR peaks for activated carbon before adsorption A and after adsorption B 
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activated water hyacinth. This kind of surface morphol-
ogy can create good opportunities to interact with the 
different varieties of pollutants. The dark surface color 
is attributed to the beam of electrons passage into pores 
whereas the bright image is possessed due to the elec-
tron beam reflected by the detector [23, 28]. Normally, 
large pores, roughage, and cracks on the broad spectrum 
of porosity with a high surface area are a good oppor-
tunity to treat high-strength and complex wastewater 
treatment. It was reported that larger-sized pores, non-
uniform heterogeneous and irregular in shape with a lot 
of cracks are the indicator of plenty of binding sites for 
adsorbates of different sizes [46].

Batch adsorption performance
The batch experimental results revealed that the removal 
efficiency of Cr ranged from 15.6 to 90.4%. These removal 
efficiencies were attained in the complete absence of 
interfering ions. The maximum removal efficiency of 
90.4% (6.03  mg/g) was recorded at optimum conditions 
of 100 mg/L, pH 2, adsorbent dose 1.5 mg/100 mL, and 
contact time of 120  min as shown in Table  4. On the 
other hand, the minimum15.6% (3.12  mg/g) Cr (VI) 
removal was recorded at the experimental conditions 
of adsorbent dose 0.5  mg/100  mL, pH 8, contact time 
30  min, and initial Cr (VI) concentration of 100  mg/L. 
Moreover, the maximum removal of efficiency of Cr from 
actual wastewater was found to be 81.4% at a Cr concen-
tration of 92.6 mg/L. This suggests that the removal effi-
ciencies of both real and synthetic wastewater are nearly 
the same. However, the maximum removal efficiency 
of Cr recorded at optimum conditions using raw water 
hyacinth was 59.2%. As per the experimental results, 
increasing contact time and adsorbent dosage increased 
the adsorption performance. However; the decreasing 

pattern was seen as the initial Cr concentration increased. 
The maximum removal efficiency recorded at pH 2 is in 
line with the pH point of zero charge analysis, where the 
adsorption of anions is expected at the positively charged 
surface of the adsorbent. On the other hand, reducing 
contact time from 120 to 30 min, and shifting the adsor-
bent dose from 1.5 to 0.5 keeping pH value at 2 resulted 
in the reduction of adsorption performance from 90.4 to 
69.6 and 90.4 to 44.1, respectively. The increase in per-
centage adsorption with the increase in adsorbent dos-
age is due to the availability of more surface area of the 
adsorbent for adsorption. Hence, the change in contact 
time and adsorbent significantly affected the adsorp-
tion performance. Under the same experimental condi-
tion, shifting the pH values from 2.0 to 8.0 decreased the 
adsorption performance from 90.4 to 75.9, whereas vary-
ing the adsorbent dose from 0.5 to 1.5 g and contact time 
from 30 to 120 min resulted in increasing in adsorption 
performance in both cases. This clearly indicated that 
the shift of adsorbent dosage from the optimum point 
of 1.5 to 0.5 decreased the removal efficiency by 46.3%. 
Similarly, the shift of pH from the optimum point 2 to 8 
resulted in a reduction in Cr removal efficiency of 14.5%. 
These results corroborate the findings of many stud-
ies [30–32] in acidic pH, the adsorbent surface may be 
protonated and hence the positively charged adsorbent 

Fig. 6  The image of SEM surface morphology of water 
hyacinth-activated carbon

Table 4  Response surface methodology for adsorption analyses

Run pH Adsorbent 
dose(g/mL)

Contact- 
time(min)

Removal 
efficiency 
(%)

Adsorption 
capacity(g/
mg)

1 5 0.5 30 21.9 4.38

2 8 0.5 30 15.6 3.12

3 8 1.5 30 44.5 2.97

4 8 1 30 33.6 3.36

5 2 1.5 30 69.6 4.64

6 2 0.5 30 22.4 4.48

7 2 0.5 75 42.5 8.5

8 2 1.5 75 87.5 5.83

9 5 0.5 75 34.9 6.98

10 5 1.5 75 77.7 5.18

11 8 1 75 49.2 4.92

12 8 1.5 75 52.5 3.5

13 5 1 75 70.4 7.04

14 2 0.5 120 44.1 8.82

15 8 1.5 120 75.9 5.06

16 8 1 120 68.5 6.85

17 5 1 120 82.5 8.25

18 5 1.5 120 88.6 5.87

19 2 1.5 120 90.4 6.03

20 8 0.5 120 43.9 8.78
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removes the higher amount of Cr (VI) in the anionic 
form HCrO4

−. With the increase in pH of the system, the 
degree of protonation of the surface reduced gradually, 
and hence decreased adsorption was noticed. In line with 
this shifting contact time from 120 to 30 min resulted in a 
reduction of adsorption performance of 20.8% in the pre-
vious studies [31, 32].

Regression and ANOVA analysis of adsorption
In this study, linear, interactive, quadratic, and cubic 
regression model analyses were checked. The quadratic 
regression model was found to fit the data well as pre-
sented in Table 5. This can be explained by Eqs. 12 and 
13 quadratic equations and after insignificant terms are 
removed respectively. As per the statistical analysis of Cr 

Table 5  ANOVA for quadratic model and its removal efficiency

Source Sum of Squares df Mean Square F-value p-value

Model 10,689.37 9 1187.71 60.01  < 0.0001 Significant

A-pH 814.84 1 814.84 41.17  < 0.0001

B-adsorbent dos 5146.30 1 5146.30 260.03  < 0.0001

C-contact time 2199.30 1 2199.30 111.13  < 0.0001

AB 213.44 1 213.44 10.78 0.0082

AC 59.90 1 59.90 3.03 0.1125

BC 0.0177 1 0.0177 0.0009 0.9767

A2 128.09 1 128.09 6.47 0.0292

B2 288.18 1 288.18 14.56 0.0034

C2 6.19 1 6.19 0.3126 0.5884

Residual 197.91 10 19.79

Cr Total 10,887.28 19

Fig. 7  Predicted and actual values for Cr removal efficiency
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removal from electroplating wastewater the coefficient 
of determination R2 which is 0.98 shows that 98% of the 
data were best fitted with the developed model. Moreo-
ver, the predicted R2 of 0.92 is in good agreement with 
the adjusted R2 of 0.97; i.e., the difference is 0.0452 which 
is less than 0.2. On the other hand, an adequacy preci-
sion value of 33.047 indicates an adequate signal. Hence 
this model can be used to navigate the design space. The 
model F value of 60.01 implies the model is significant. 
There is only a 0.01% chance that an F value this large 
could occur due to noise.

P-values less than 0.0500 and greater than 0.1 indicate 
model terms that are significant and insignificant respec-
tively. In this case, A, B, C, AB, A2, and B2 are signifi-
cant model terms whereas C2, AC, and BC are found to 
be insignificant. Normally many insignificant terms are 
not required in regression analysis and lead to a model 
reduction. The developed model predicts the removal 
efficiency of 93.7% at optimum conditions of pH 2, con-
tact time 120 min, and adsorbent dosage of 1.5 g/100 mL. 
This predicted value is nearly equal to the experimentally 
determined value of 90.4% with a standard deviation of 
3.5.

The graphical representation of predicted and actual 
values is presented in Fig. 7. It can be observed from the 
graph that both predicted and actual values are distrib-
uted around the linear line passing through the origin 
showing the error distribution normal.

Interaction effects
Adsorbent dosage and pH
The 3D plot of adsorbent dosage, pH, and Cr removal 
efficiency was used to evaluate the interactions of pH 
and adsorbent dosage on the Cr removal efficiency. Fig-
ure  8 shows that the removal efficiency ranged from 
15.6% to 90.4% indicated on the 3D plot. Normally, the 
interaction effect was determined by keeping the con-
tact time constant at the middle value (75  min) while 
the pH and adsorbent dosage varied from 2 to 8 and 0.5 

(12)
67.48− 8.40A + 19.08B + 13.61C

− 4.50AB + 2.49AC− 0.0444BC

− 5.97A
2
− 9.678B

2
− 1.23C

2

(13)
67.48− 8.40A + 19.08B + 13.61C

− 4.50AB− 5.97A
2
− 9.67B

2

Fig. 8  The interaction effect of Adsorbent dosage and pH on Cr removal
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to 1.5  g/100  mL, respectively. It can be observed from 
the graph that the interaction was found to be negative. 
Hence, the removal efficiency of Cr from electroplating 
wastewater was negatively affected by the interaction of 
pH and dosage. Individually, increasing pH decreases the 
removal efficiency whereas increasing adsorbent dosage 
favored the adsorption process. Hence, the effect of pH 
was high compared to the adsorbent dosage.

Solution pH and contact time
The interaction effect of pH and contact time was stud-
ied using response surface methodology. The 3D graph 
was plotted using pH, and contact time with Cr removal 
efficiency is shown in Fig.  9. The interaction effect was 
determined by keeping the adsorbent dosage con-
stant at 1 g/100 mL. The interaction was determined to 
have a favorable impact on the removal efficiency of Cr. 
However, individually increasing pH and contact time 
decrease and favors the removal efficiency, respectively. 
Compared to the solution pH, the effect of contact time 
was found to be significant. Hence, contact time highly 
determines both the removal efficiency and adsorption 
capacities.

Adsorbent dosage and contact time
The interaction effect of the adsorbent dose and contact 
time on Cr (VI) removal was investigated and the inter-
action effect on the Cr removal performance is shown 
in Fig. 10. The response surface plot is used to describe 
the influence of the interaction on the response vari-
able through the 3D graph. This graph indicates the vari-
able pattern of Cr (VI) removal using activated carbon of 
water hyacinth. The predicted treatment performances 
were nearly the same as the actual ones. This indicates 
that the predicted model had the goodness of fit with the 
experimental value. The removal efficiency of Cr (VI) was 
negatively influenced by the interaction effect of adsor-
bent dosage and contact time, showing the maximum Cr 
(VI) removal of 90.4% was achieved at the interaction of 
1.5 g adsorbent dosage and 120 min contact time.

Adsorption isotherms
The experimental data were fitted with both the Lang-
muir and Freundlich models. Based on the findings, the 
best data fit is inclined to the Langmuir isotherm model 
indicating the interaction of adsorbent and adsorbent 
monolayer and homogenous surface as shown in Table 6. 

Fig. 9  The interaction effect of solution pH and contact time on Cr removal
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As per Langmuir’s isotherm, the coefficient determinant 
R2 was found to be 0.96. Moreover, the Langmuir maxi-
mum adsorption capacity was determined to be 2.63*10–

4 mg/g. Similarly, the RL value of 0.003 lying between 0 
and 1 indicates that the adsorption process is favorable. 
However, the Freundlich isotherm plot at R2 0.86 was not 
illustrated in Table 6. The n value of Freundlich isotherm 
was 3.18, reconfirming the favourability of adsorption of 
Cr onto activated carbon of water hyacinth.

Adsorption kinetics
Adsorption kinetics studies evaluate the time required 
for the movement of the system from an initial to a 
final state. As shown in Table  7, the pseudo-second-
order model with an R2 value of 0.99 best fits with 
the experimental data compared with the pseudo-
first-order model with an R2 value of 0.56. This indi-
cates that chemical reaction controls the adsorption 
kinetics.

Regeneration study
The removal efficiency of the adsorbent decreased from 
93.25% to 21.35% as we go from the first cycle to the 
seventh cycle as shown in Fig. 11. The reduction of the 
removal efficiencies could be due to the loss of mate-
rials and the changes in the adsorbent properties dur-
ing the regeneration process such as aggregation and 
fouling.

The comparison of different removal efficiency is 
indicated in Table  8. However, the results of the find-
ings are closely the same but the condition of the exper-
iment and the concentration of the pollutants are quite 
different.

Conclusions
High concentrations of the physicochemical parameters 
of electroplating wastewater were found which required 
urgent treatment intervention. Specifically, a high Cr 
concentration (92.16 ± 0.768 mg/L) was obtained in elec-
troplating industrial wastewater. Mainly, this study aimed 
to remove Cr ions from electroplating wastewater using 
activated carbon produced from water hyacinth under a 

Fig. 10  The interaction effect of adsorbent dosage and contact time on Cr removal



Page 15 of 17Worku et al. BMC Chemistry           (2023) 17:85 	

full factorial experimental design with three factors and 
three levels (pH,2,5and8, adsorbent dose 0.5,1and1.5 in 
100 mL and contact time 30, 60 and120 min). This adsor-
bent was activated chemically and thermally and its char-
acteristics were described in terms high of BET surface 
area (203.83  m2/g, ups and down (cracks) of morphol-
ogy, and multi functionalities of hydroxyl (3283  cm−1), 
alkane (2920  cm−1), nitrile (2114  cm−1) and aromat-
ics (1613  cm−1). The properties of this adsorbent are 
promising to scale up the application at the industrial 

level. After adsorption, the BET surface area decreased 
to 153.33  m2/g. The maximum removal of 90.4% was 
recorded at the experimental condition of pH 2, adsor-
bent dose of 1.5 g/100 mL, and contact time of 120 min 
at a fixed value of initial chromium concentration of 
100  mg/L whereas the maximum Cr removal from real 
electroplating wastewater was found to be 81.2%. Among 
the two adsorption isotherms applied to investigate the 
adsorption mechanism, the Langmuir isotherm best 
described the experimental values at R2 0.96 indicat-
ing that the adsorption process was homogeneous and 
monolayer. Pseudo-second-order kinetics model with an 
R2 value of 0.99 best fits the experimental data indicat-
ing that chemical reaction controls the adsorption kinet-
ics. The adsorbent was regenerated for seven cycles and 
the removal efficiency decreased from 93.25% to 21.35%. 
This activated carbon is a promising technology for the 
removal of Cr removal from electroplating wastewater. 
However, further adsorbent investigations in terms of 
adsorption kinetics, optimization process, and thermo-
dynamics are highly recommended.
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Table 6  Adsorption isotherm models

Isotherm model

Language R2 0.9597

qm (mg/g) 2.63*10–4

Kl (L/mg) 166.34

Equation 3800.2 X + 22.859

Fredulich R2 0.8564

n − 0.575

Kf ((mg/g)(L/mg)1/n 5063.93

Equation − 1.7395 X + 8.5299

Table 7  Adsorption Kinetics

Kinetics model

Pseudo-first-order R2 0.5556

Kl (min−1) 0.014

Equation Y = 0.006 X + 3.323

Pseudo-second-order R2 0.9891

K2 (g/mg/min) 3.21*10–5

Equation Y = 0.0003X + 0.0028
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Fig. 11  Regeneration study

Table 8  Comparison of this study with others

Precursor material Removal efficiency References

Eichhornia crassipes 89.9% [57]

Cellulose of Eichhornia crassipes 122.2 mg/g [58]

Eichhornia crassipes root 36.3 mg/g [59]

Water hyacinth roots 95.4% [60]

Eichhornia crassipes 84–99% [61]

Eichhornia crassipes 96.4% [62]

Eichhornia crassipes Biochar 27.3–3190.1 mg/L [63]

Eichhornia crassipes 98.4% [64]

Eichhornia crassipes 90.40 This study
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