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Abstract 

The environmental pollution and human health impacts associated with the discharge of massive dye-containing 
effluents necessitate a search for cost-effective treatment technology. Therefore, this research work is conducted 
with the objective of investigating the potential of Rumex abyssinicus-derived activated carbon (RAAC) for the adsorp-
tion of Brilliant Blue Reactive (BBR) dye from aqueous solutions. Chemical activation with  H3PO4 followed by pyrolysis 
was used to prepare the adsorbent. Characterization of the developed adsorbent was done using proximate analysis, 
pH point of zero charge (pHpzc), scanning electron microscope (SEM), Fourier transform infrared spectrometer (FTIR), 
Brunauer, Emmett, and Teller (BET), and X-ray diffraction (XRD). The experimental design and the effect of independ-
ent variables including pH (2, 6, and 10), initial dye concentration (50, 100, and 150 mg/L), adsorbent dosage (0.05, 0.1, 
and 0.15 g/100 mL), and contact time (20, 50, and 80 min) were optimized using the response surface methodology 
(RSM) coupled with Box Behnken design (BBD). The analysis results revealed the exitance of high specific surface area 
of 524  m2/g, morphological cracks, and the presence of multiple functional groups like –OH, C=C, alkene, and amor-
phous structure. Maximum removal efficiency of 99.98% was attained at optimum working conditions of pH 2, con-
tact time of 50 min, dye concentration of 100 mg/L, and adsorbent dosage of 0.15 mg/100 mL, reducing the pollutant 
concentration from 100 to 0.02 mg/L. Evaluation of the experimental data was done using Langmuir, Freundlich, 
Temkin, and Sips isotherm models, in which the Langmuir model was found to be the best fit with the experimental 
data at  R2 0.986. This shows that the adsorbent surface is homogeneous and mono-layered. Furthermore, the kinetic 
study confirmed that the pseudo second-order model best describes the experimental data with  R2 = 0.999. In 
general, the research work showed that the low cost, environmental friendliness and high adsorption capabilities 
of the activated carbon derived from Rumex abyssinicus could be taken as an effective nt for the removal of BBR dye 
from aqueous solutions.
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Introduction
A water resource refers to natural sources of water that 
include rivers, lakes, springs, oceans, seas, and others. 
These resources are considered crucial for humans and 
other living beings in one way or another. Water use 
can typically range from drinking purposes and irriga-
tion to industrial applications as either as a process liq-
uid or utility liquid. Water resources can be affected by 
rapid climate changes, such as changes in temperature 
and precipitation [1–3]. These and other factors may 
lead to water scarcity, a term that refers to the mismatch 
between water supply and demand in society or other 
ecosystems. Basically, water scarcity refers to the avail-
ability of freshwater below 1000  L per person per year, 
and it is estimated that 40% of the world’s population will 
end up water scarcity by 2030. In line with water scar-
city, 4.8–5.7 billion people will be at risk by 2050 [4–6]. 
This needs a call not only for an action for efficient allo-
cation of water resources but also for the potential reuse 
of wastewater streams from different industrial setups. 
Wastewater is any used water originating from industries, 
households, residential areas, etc. and whose biologi-
cal, chemical, and physical properties have been altered. 
The alteration of any of these water properties has a del-
eterious effect on public and environmental health and is 
usually called water pollution [1]. Sources of the pollu-
tion could be anthropogenic activity or natural activity; 
industrial discharges, dumping waste material into water 
streams, and other economic activities are some of the 
human-made sources of water pollution, while the natu-
ral source is mainly associated with geological activities 
within the earth [2, 3, 7–9]. Water pollution can cause 
detrimental health issues for humans, where the root 
causes of diseases such as cancer, diarrhea, and other 
waterborne diseases are usually traced back to water pol-
lution [10, 11]. Therefore, protecting the quality of water, 
which is diminishing, is becoming one of the top agendas 
of the scientific community.

Currently, more than 100,000 commercial dyes are 
available. Of these, 1000 dyes are being used in different 
stages of textile processing, which makes the estimated 
annual production rate of dyes to be 700,000 tonnes [12]. 
It was reported that about 15% of the dyes used in indus-
try are eventually released into the environment after 
being applied in a dyeing process [13]. Methyl orange 
(MO), Rhodamine B (RhB), Methylene Blue (MB), Congo 
red (CR), Brilliant Blue Reactive (BBR), and Reactive 
Black-5 (RB-5) are among the widely used dyes in the tex-
tile industries [14], which are classified into anionic, neu-
tral, and cationic dyes [15]. BBR is an anionic dye mostly 
in use in textile dyeing and finishing processes and is 
well known to have significant impact on the environ-
ment and human health if existed at high concentration 

in industrial effluents or aquatic environments [16]. This 
toxic dye was reported to be present in the textile waste-
water with a concentration ranging from 50 to 150 mg/L 
[17]. BBR is a carcinogenic and mutagenic compound 
that poses a detrimental impact on human health [18]. 
Furthermore, the massive concentration of the BBR 
dye in the wastewater that was later discharged into the 
nearby water bodies limits the penetration of sunlight 
into the bottom part of the river, which in turn disturbs 
the aquatic ecosystem [19]. Therefore, treatment inter-
vention is critical not only for aesthetics but also to pro-
tect aquatic biota.

Conventional wastewater treatment plants are ineffec-
tive at removing micropollutants from industrial effluent. 
In practice, they have failed to decrease dye concentra-
tions, particularly reactive dyes, to acceptable discharge 
limits. Besides this, they also perform at well-timed oper-
ations and require a higher cost of implementation [20]. 
A number of studies have revealed that advanced waste-
water treatment methods can help solve this problem [4, 
21]. Chemical precipitation, nanofiltration, advanced oxi-
dation, ion exchange, reverse osmosis, membrane separa-
tion, electrocoagulation, and electrodialysis are the most 
common advanced wastewater treatment technologies 
applied for the removal of dyes from aqueous solutions, 
and their effectiveness has been thoroughly studied. For 
instance, photocatalytic degradation of methyl orange 
via  CuAl2O4 nanoparticles [22] and membrane filtration 
of dyes [23] are well known advanced waste water treat-
ment technologies being in use especially in developed 
countries. In line with this, the removal of BBR dye has 
become the subject of current researches, where various 
studies employing different mechanisms using advanced 
technologies have been conducted to decontaminate 
BBR dye from aqueous solutions [24–26]. However, these 
technologies are a very expensive and non-sustainable 
wastewater treatment mechanism to have them in every 
sectors, particularly those in developing nations [27]. 
Adsorption is a process that is proven to be cost effective, 
convenient, easy to develop, and environmentally benefi-
cial [28]. Activated carbon among adsorbents is increas-
ingly being regarded as the best alternative to remove 
toxic dye from water and wastewater [29]. It is a porous 
carbonenous material that has a great attraction for pol-
lutants because of its porous structure, surface multi-
functionalities, and large specific surface area [30] and its 
application as a wastewater treatment technology like dye 
decolorization has been studied thoroughly. For instance, 
the application of activated carbon derived from pome-
granate peels for the adsorption of basic red 46 [31], and 
the adsorptive removal of cationic dye onto activated car-
bon derived from cactus fruit peels [32] are some of the 
important examples of application of activated carbon. In 
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addition to this, various adsorbent materials are applied 
for the removal of BBR dye [23, 33, 34].

Nowadays, the search for alternative raw materials for 
the adsorption of toxic and persistent dyes such as BBR is 
increasing. This is due to the non-sustainability and cost 
of commercial activated carbon. Thus, various biomass-
based activated carbons are being studied and addressed 
for their effectiveness in removing pollutants by a num-
ber of scholars [5, 6, 27, 35–37]. However, these studies 
have their own drawbacks of low adsorption capacity, 
consuming a large amount of adsorbent for a minute 
quantity of pollutant detoxification, performing well only 
at a longer contact time, and having low removal effi-
ciency. Therefore, Rumex abyssinicus derived adsorbent 
material is selected to fill gaps like low specific surface 
areas and the minimum adsorption capacities of various 
adsorbents. Rumex abyssinicus is an herb that is mainly 
distributed throughout tropical Africa, mostly in Ethiopia 
[38]. It is a plant that is 3–4 m tall [39]. So far, the root of 
Rumex abyssinicus has been utilized for medicinal pur-
poses [40, 41]. However, the remaining parts of the plant, 
such as the stem and leaves, are usually thrown away as 
waste. Moreover, to the best of our knowledge, the appli-
cation of the stem of Rumex abyssinicus for environmen-
tal clean-up has not been done before and no research 
has been reported on the removal of BBR dye from aque-
ous solutions and wastewater using activated carbon syn-
thesized from the stem of Rumex abyssinicus, which is a 
waste of precious raw material. Therefore, this research 
work is conducted with the objective of preparing acti-
vated carbon from Rumex abyssinicus and evaluates its 
performance in removing BBR from aqueous solutions. 
Moreover, characterization of the developed activated 
carbon, data fitness analysis on kinetics and isotherms 
models, regeneration and reusability and cost analysis to 
check production feasibility are among the specific objec-
tives of this research work. The Box–Behnken approach 
to response surface methodology was used to optimize 
batch adsorption, consisting of four factors. These factors 
with their levels are pH (2, 6, and 10), initial dye concen-
tration (50, 100, and 150 mg/L), adsorbent dosage (0.05, 
0.1, and 0.15  g/100  mL), and contact time (20, 50, and 
80 min).

Materials and methods
Chemicals and materials
The precursor biomass (Rumex abyssinicus) was collected 
from the Addis Ababa Science and Technology University 
premise, Addis Ababa, Ethiopia. Analytical-grade chemi-
cals and reagents such as sodium hydroxide pellets (99.0%), 
hydrochloric acid (37% w/w), phosphoric acid (88%), and 
BBR dye were used for laboratory experiments. Further-
more, digital electronic balance (Shimazu-AUX220), digital 

pH meter (PHS-3C), coffee grinder (model: XFYC810, 
240  V, 60  Hz), orbital shaker (model: SK-600, 230VAC, 
50  Hz, 0.2A by QTEX), UV/VIS spectrometer (Evolution 
300, UV–VIS by Maalab), hot air oven (model: J-dvo1, 
supplier: JISICO), muffle furnace (Carbolite AAF 1100), 
testing equipment such as Fourier transform infrared spec-
troscopy (FT-IR), IR Affinity, Shimadzu), x-ray power dif-
fraction (XRD-X-ray tube cu40kV, 44 mA, Rigaku, Ultima 
IV), and scanning electron microscope (model JSM840A 
SEM microscope operating at 10 kV) were the equipment 
employed during the study. Finally, the main properties of 
the target pollutant (BBR dye) are presented in Table 1.

Adsorbent preparations
Sun-dried stems of Rumex abyssinicus were collected from 
the Addis Ababa Science and Technology University prem-
ise which is found in Addis Ababa, Ethiopia. The voucher 
plant specimen (with no ID) was deposited in a university 
herbarium (Addis Ababa University) and the plant speci-
men was collected by the researchers (Ashagrie Mengistu 
and Mikiyas Abewaa) and crossed checked against the 
herbarium. The plant identification was performed by an 
expert assigned to the herbarium site. The collected sample 
was then size reduced using a knife, i.e., 5–10 mm, washed 
thoroughly with tap water, rinsed with distilled water, and 
dried in an oven at 105  °C for 24 h. Thereafter, the oven-
dried sample of Rumex abyssinicus was impregnated with 
phosphoric acid (88%), after dilution to a 50% solution, 
using a mass-to-mass ratio of 1:2, and then allowed it to 
soak for 8 h at room temperature. Then, the impregnated 
sample was air-dried in an oven at 105  °C for 24  h, to 
remove excessive water and create a conducive environ-
ment for the successful carbonization of the sample. The 
pyrolysis process took place at a thermal activation tem-
perature of 500 °C and a carbonization time of 2 h with in a 
glowing red furnace. Finally, the thermally activated sample 
was taken out of the furnace, allowed to cool in the desicca-
tor, and repeatedly washed with distilled water until the pH 
of the adsorbent had reached neutral. Finally, after being 
dried in the oven, the adsorbent material was ground to 
a particle size of 250 μm and stored in the airtight plastic 
container for subsequent experiments of adsorbent charac-
terization, batch adsorption, kinetics and isotherm model 
fitness studies [5, 27, 35].

Table 1 Main properties of Brilliant Blue Reactive dye

Pollutant name Brilliant Blue reactive

Molecular weight 825.972 g/mol

Class Anionic
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Adsorbent characterization
The developed Rumex abyssinicus-derived activated car-
bon was subjected to proximate analysis, which included 
measuring its moisture content, volatile matter, ash con-
tent, and fixed carbon in accordance with the ASTM pro-
tocols (D2866–2869), respectively. On the other hand, 
the pH point of zero charge (pHpzc) was determined 
using the mass titration method, where 0.1 M of 50 mL 
NaCl is prepared using six 250 mL Erlenmeyer flasks the 
pH of which were adjusted to 2, 4, 6, 8, 10, and 12, respec-
tively using either 0.1 M NaOH or 0.1 HCl. After adding 
an equal amount i.e., 1  g of the sample and shaking on 
orbital shaker for 24 h, the final pH for all solutions were 
assessed. Then, initial pH and final pH values were used 
to draw the curve and the intersection of the two lines 
was then taken as pHpzc. The specific surface area and 
functional group analysis of the produced adsorbent were 
carried out using BET (model SA-9600 series from Japan) 
and FTIR (Perklin Elmer, USA), respectively. Where, 
FTIR scanning was performed on the wavenumber range 
of 4000–400   cm−1 after the sample was properly mixed 
with KBr. On the other hand, the surface morphology 
and crystalline structure of the activated carbon was 
examined using SEM and XRD (INSPECT, F50, USA, 
and XRD-7000, Japan), respectively [42–44].

Box Behnken experimental design
Design expert software was used to carry out the experi-
mental design and the adsorption optimization process 
using response surface methodology under the Box–
Behnken approach. The design consists of four independ-
ent variables, namely pH, contact time, adsorbent dosage, 
and initial dye concentration, all with three levels. How-
ever, the dependent variable (the response variable) is 
removal efficiency. The levels for the experimental fac-
tors were symbolized as low (−), middle (0), and high (+). 
Normally, the full factorial design of four factors at three 
levels  (34) is anticipated to generate 81 experimental 
runs. However, the Box–Behnken approach to response 
surface methodology reduces the number of batch exper-
imental runs to 30. Table  2 presents the independent 
variables and their corresponding levels selected based 
on the preliminary studies done and related published 
articles from the literature. Finally, the interaction effect 

of various independent variables on the dye removal as 
well as the statistical analysis of the response variable 
(predicted vs. actual) were carried out with the aid of 
ANOVA and regression modelling.

Batch adsorption experiment
The batch adsorption experiments were carried out using 
the already designed experiments, where the three levels 
of concentration (50, 100, and 150 mg/L) for the adsorb-
ate were prepared by dissolving 50, 100, and 150  mg of 
BBR dye each in 1  L of distilled water, respectively. A 
working volume of 100 mL with a suitable concentration 
was added to several Erlenmeyer flasks of 250 mL. Then, 
the pH of the solution was adjusted using either 0.1  M 
NaOH or 0.1  M HCl, depending on the requirement. 
Thereafter, the known amount of Rumex abyssinicus-
based activated carbon was added to the solution based 
on the design experiment. The mixture was allowed to be 
agitated on the orbital shaker at 125  rpm for the speci-
fied duration of contact time. As the contact time was 
completed, the solution was filtered using Whatman fil-
ter paper 42, and the filtrate was taken to determine the 
amount of dye concentration remaining in the solution. 
The final dye concentration was determined by using a 
UV–VIS spectrophotometer (Agilent Technology, Cary 
100 UV–visible spectrophotometer) at a maximum wave-
length of 593. For this purpose, a calibration curve was 
drawn using 20, 40, 60, 80, 100, 120, 140, and 160 mg/L 
of BBR dye. The coefficient of determinant  R2 of 0.99 
was determined from the linear plot of dye concentra-
tion against absorbance as shown in Fig. 1. Normally, an 
 R2 approaching 1 indicates the data best fits the linear 
plot, which in turn is used to determine the unknown 
dye concentration. The linear equation generated from 
the plot was used for the determination of the unknown 
BBR concentrations. Then, the final concentrations of 
the 30 experimental runs were determined indirectly by 
using the Beer–Lambert equation. Finally, the adsorption 

Table 2 Independent variables and their corresponding levels

Variables Units Low (–) Middle (0) High (+)

pH – 2 6 10

Dye concentration mg/L 50 100 150

Adsorbent dosage g/100 mL 0.05 0.1 0.15

Contact time min 20 50 80

y = 0.0073x + 0.1494
R² = 0.9934
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Fig. 1 Calibration curve development to determine unknown 
concentration for BBR dye
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capacity and removal efficiency of BBR dye were deter-
mined using Eqs. 1 and 2, respectively.

where  Qt (mg/g) is adsorption capacity at time t, however 
Co and  Ct (mg/L) represent the initial and dye concen-
tration at t respectively. On the other hand,  Re represents 
removal efficiency, m and V refers to mass of the adsor-
bent and volume of the solution respectively [4–6, 35].

Adsorption isotherm
Langmuir, Freundlich, Temkin, and Sips, models are 
the well-known adsorption isotherms used to evaluate 
the nature of interaction between the adsorbate and 
adsorbent at equilibrium. These models are presented 
in Table  3. With this regard, the interaction is said to 
be monolayer if the data fits well to the Langmuir iso-
therm and multilayer if the data fit is inclined to the 
Freundlich model. Moreover, the surface interaction is 
heterogeneous if the data is well represented by Freun-
dlich and homogenous if the Langmuir model is found 
to be explanatory. On the other hand, Temkin isotherm 
gives a clue to heat transfer during adsorption. The 
Sips isotherm, which is a combination of Langmuir and 

(1)Qt =

(

Co − Ct

m

)

× V ,

(2)Re (%) =
CO − Ce

CO

× 100,

Freundlich models, is used for predicting the adsorp-
tion on heterogeneous surfaces. The adsorption iso-
therm experiment was conducted at fixed optimum 
values of pH 2, adsorbent dosage of 0.15 g/100 mL, and 
a contact time of 50  min, whereas the initial dye con-
centration varied from 40 to 140 mg/L (40, 60, 80, 100, 
120, and 140 mg/L).

Additionally, the adsorption dimensionless factor 
constant (RL) that is used to estimate Langmuir isother-
mal feasibility is shown in Eq. 3.

where  qmax (mg/g) is maximum monolayer adsorp-
tion capacity,  KL (L/mg) is Langmuir constant, which 
is related to free energy of the adsorption, RL is affinity 
between adsorbate and adsorbent, Kf (mg/g) is Freun-
dlich constant indicating adsorption capacity and 1/n is 
an empirical equation related to intensity of the adsorp-
tion. Moreover, KT and KS refer to Temkin and Sips iso-
therm constant respectively [51, 52].

Adsorption kinetics
The mechanism of adsorption as well as the rate of 
adsorbate uptake was determined using adsorption 
kinetics models. The adsorption kinetics was evaluated 
using pseudo-first order (PFO), pseudo-second order 
(PSO), the Intraparticle diffusion model (IPD), and the 
Elovich models. These kinetic models are also used to 
determine the potential rate-determining step in the 
adsorption process. In this approach, pH, adsorbate 
concentration, and adsorbent dosage were fixed to opti-
mum values of 2, 100 mg/L, and 0.15 g/100 mL, respec-
tively, whereas the contact time was varied between 20 
and 50  min (20, 30, 40, 50, and 60  min). Table  4 pre-
sents linear and non-linear equations of kinetics mod-
els applied for examining the best data fit, where k1, k2 
and kd are PFO, PSO, and IPD rate constants. Similarly, 
C is a constant that gives information about the bound-
ary layer, α and β are the initial adsorption rate and 
desorption constant during each experiment, respec-
tively [53–55].

(3)RL =
1

1+ KLCe
,

Table 3 Adsorption isotherm models with linear and non- linear 
forms

Isotherm model Non-linear 
form

Linear form References

Langmuir Qe =
QmaxKLCe

1+KLCe

1
Qe

=
1

Qmax
+

1
KLQmaxCe

[45–47]

Freundlich Qe =  KFCe1/n Log Qe = log KF + 1
n
 

log Ce
[46, 48, 49]

Temkin Qe = RT
b

 ln(KT  Ce) Qe = RT
b
lnCe +

RT

b
lnKT [46, 48, 50]

Sips Qe = Qmax(KCe)n

(1+KCe)n ln 
(

Qe
/

Qmax − Qe

)

 =  

1
/

ns ln Ce + ln (Ks)ns

[32, 45]

Table 4 Linear and nonlinear forms of adoption kinetics models

Kinetics model Non-linear equation Linear equation References

PFO Qt = Qe(1 − e−K1t) log (Qe − Qt) = logQe − K1t
2.303

[47, 50]

PSO Qt = Qe
2K2t

1+QeK2t
t

Qt
 = 
(

1
Qe

)

t + 1
K2Qe2

[47, 50]

IPD Qe = kd ×  t0.5 + C Qe = kd ×  t0.5 + C [32, 50]

Elovich Qt = 1
β

 ln(αβt + 1) Qt = 1
α

 ln (αβ) + 1
↑α

 ln t [45, 56]
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Result and discussion
Adsorbent characteristics
Proximate parameters (moisture content, ash content, 
volatile matter, and fixed carbon) of the adsorbent were 
used to determine the quality of the activated carbon 
prepared. Normally, an adsorbent with small amounts 
of ash content, moisture content, and volatile matter and 
those with large fixed carbon content are considered as 
a suitable precursor material for the adsorption technol-
ogy. However, the proximal values of activated carbon 
are influenced by the treatment method used and the 
nature of the precursor material. The proximate analy-
sis of RAAC was indicated in Table 5. It can be observed 
from the table that the moisture content of RAAC was 
determined to be 3.4%, which is lower than previously 
reported results of biomass-based activated carbons 
like,  castor seed hull (4.4%) [43], fox nut (4.00%) [57], 
Paulownia wood (3.50%) [58], and tomato stems (3.58%) 
[59]. High moisture content adds mass to the activated 
carbon without contributing to adsorption hence reduc-
ing the share of the carbonous material. This condition 
forces us to utilize more adsorbent dosage to attain the 
desired degree of adsorption, which indirectly affects the 
adsorption capacity. In line with the effects of moisture 
on the adsorbent structures, it was reported that com-
petition of the water molecule in the moisture with the 
adsorbate for the active site as well as filling adsorbent 
active sites will reduce the adsorption efficiency [60]. 
On the other hand, the volatile matter content of RAAC 
was found to be 16.2%, which is lower than many of the 
previously reported findings for biomass based adsor-
bents. For example, Euphorbia rigida (76.80%) [61], Acai 
seed (68.70%) [62], Paulownia wood (17.8%) [58], fox nut 
(21.5%) [57] and castor hull (49.56%). The lower volatile 
matter content of the RAAC is due to chemical activa-
tion. Normally, the volatile matter is related to the mass 
escaped ( H2, CO, CO2, CH4, N2 and Hydrocarbons) dur-
ing pyrolysis and chemical activation processes. Similarly, 
the ash content and fixed carbon content of the RAAC 
were found to be 9.5 and 70.9% respectively. Ash content 
is associated with the inorganic constituents of activated 
carbon like metal oxides. These inorganic constituents 
of the activated carbon do not contribute to adsorption 

but rather block the voids to which the target pollutant 
is intended to be attached. RAAC’s ash content of the 
adsorbent material was compared with other biomass 
based adsorbents and the result was found to be promis-
ing. For instance [43] reported ash content of 19.1% for 
castor hull derived activated carbon and durian shells 
(22.36%) [63]. The fixed carbon content of the activated 
carbon indicated the quality of the adsorbent, and it was 
as expected to be high making the developed adsorbent 
promising. The adsorbent currently under investigation 
found to have fixed carbon content of 70.9%, which is an 
indicator of the effectiveness of the adsorbent at remov-
ing BBR dye from aqueous solution. This fixed carbon 
content is higher than castor seed hull derived activated 
carbon (16.89%) [43] and Durian shell (22.30%) [63] but 
slightly lower than fox nut (73.1%) [57]. Generally, the 
proximate values of RAAC are in agreement with stand-
ard activated carbon reported by [64].

pHpzc is the value of pH at which the components of 
surface charge are equal to zero for a particular temper-
ature, pressure, and aqueous solution components. At 
pH equal to pHpzc, there are equal amounts of negative 
and positive charges. pHpzc of RAAC was determined 
through the mass addition method and the result of the 
analysis is depicted in Fig.  2. Normally, pHpzc deter-
mination is intended to investigate the surface density 
of the adsorbent. At pH = pHpzc the surface density 
of the adsorbent becomes neutral indicating an equal 
amount of positive and negative charges. At the pH of 
the adsorbent below its pHpzc positive charges domi-
nates the surface and above pHpzc the surface of the 
adsorbent will be dominated by negative charge. Hence, 
the adsorption of anionic dyes like BBR usually favours 
at a pH of the solution below pHpzc whereas cationic 
dye adsorption is favoured at pH greater than pHpzc. 
The pHpzc of RAAC is determined to be 6.9. Hence, 

Table 5 Proximate analysis of RAAC applied for removal of BBR 
dye

Proximate analysis Values (%)

Moisture content 3.4 ± 0.23

Volatile matter 16.2 ± 1.02

Ash content 9.5 ± 0.44

Fixed carbon 70.9 ± 1.69
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Fig. 2 pHpzc analysis of Rumex abyssinicus based activated carbon
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maximum adsorption of BBR dye is expected at a pH 
of solution less than 6.9. Herein, the maximum removal 
efficiency of 99.98% recorded at pH = 2 confirms the 
pHpzc concept. Finally, the currently determined 
pHpzc of RAAC is in good agreement with [65, 66].

Functional group analysis of Rumex abyssinicus 
derived activated carbon was carried out using FTIR 
and the result of the finding is shown in Fig.  3. The 
FTIR analysis of RAAC resulted in several peaks show-
ing the presence of multiple functional groups in the 
adsorbent. These peaks are observed at wavenum-
bers of 3296.49, 2669.60, 2337.82, 1724.44, 1537.33, 
1423.53, 1350.23, 1290.43, 1165.05, 1045.46 and 
592.17   cm−1. The peak observed at 3296.49   cm−1 is 
attributed to –OH—containing functional groups 
like water and alcohol. The relatively less intense peak 
observed in the region of 1500–1210  cm−1 corresponds 
to the stretching motions of –C–H groups. On the 
other hand, alkene groups are represented by the peak 
observed at 592.17  cm−1. The intense peak observed at 
1537.33  cm−1 is attributed to C=O whereas, the shoul-
der band indicated in the wavelength spectrum of 
2669.60   cm−1 is attributed to –CH2 and –CH3. On the 
other hand, C=O vibration is indicated by the spectrum 
observed at 1724.44  cm−1 [4–6, 27, 35].

The crystalline nature of RAAC was analyzed using 
X-ray diffraction and the result of the findings is indi-
cated in Fig.  4. For this analysis, a scanning speed 
of 6  rev/min was guaranteed over an angle range of 
10° to 80°. It was found that the prepared adsorbent 
has amorphous structure. The only significant peak 
observed during XRD analysis was at 2 θ = 25. However, 
the general structure of the Rumex abyssinicus derived 
activated carbon can be deduced as an amorphous, 

resulting from the chemical and thermal activation pro-
cess undertaken to enhance its adsorption capacity [6].

The morphological structure of activated carbon devel-
oped from the stem of Rumex abyssinicus was examined 
using (SEM) and its output is depicted in Fig. 5. During 
SEM analysis of examining the surface morphology, the 
surface of activated carbon adsorbent was magnified at a 
resolution of 600 times (600×), with pore size 50 μm at 
15  kV. Basically, the intention of chemical activation as 
well as thermal activation is to create a porous carbon-
ous material with a better carbon structure and high spe-
cific surface area. This porosity allows the attachment of 
the intended pollutant onto the morphological cracks 
observed. The SEM result of RAAC was found to have 
uneven distribution and irregular shape which creates a 
suitable condition for the adsorption of multipollutants 
varying in size and structure [6].

Fig. 3 Functional group analysis of RAAC 

Fig. 4 Crystalline structure analysis result for RAAC 

Fig. 5 SEM morphology of RAAC 
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The BET—specific surface area of RAAC was deter-
mined using a principle of Nitrogen gas adsorption and 
desorption as indicated in Fig.  6. In this study, degas-
sing temperature and time of 300 °C and 1 h were guar-
anteed. The currently synthesized Rumex abyssinicus 
derived activated carbon was found to have an extremely 
high specific surface area of 524   m2/g. The adsorbent’s 
high surface area is attributed to the nature of the pre-
cursor material, chemical activation, and thermal treat-
ment processes conducted to enhance the adsorptive 
capacity of the material. Compared to many biomasses-
based activated carbons, the RAAC was found superior 
in specific surface area. This higher BET surface area 
compared to other biomass based activated carbons is 
mainly attributed to the nature of the precursor material. 
Many researchers like [5, 67, 68] have also reported low 
BET surface areas of 426.8125  m2/g, 304.7250  m2/g, and 
265  m2/g from Eucalyptus wood chips, arhar stalks, and 
parthenium hysterophorus, respectively.

Batch adsorption of BBR dye
The batch adsorption study performed on the removal 
of BBR dye from an aqueous solution is presented in 
Table  6. The current study resulted in a maximum 
removal efficiency of 99.98% at optimum conditions of 
pH 2, contact time of 50  min, initial dye concentration 
of 100  mg/L, and adsorbent dosage of 0.15  g/100  mL. 
However, the minimum adsorption percentage of 51.32 
was recorded at treatment conditions of pH 6, contact 
time 50  min, adsorbent dosage 0.05  g/100  mL and ini-
tial dye concentration 100 mg/L. On the other hand, the 
maximum and minimum adsorption capacity recorded 
throughout the study was 211.32  mg/g and 29.22  mg/g 
respectively. Moreover, the maximum adsorption capac-
ity was recorded at pH 10, contact time of 80  min, ini-
tial dye concentration of 150 mg/L, and adsorbent dosage 
of 0.05 g/L. However, the minimum adsorption capacity 
was found at pH 6, dye concentration 50 mg/L, adsorbent 

dosage 0.15 g/100 mL, and contact time of 50 min. The 
maximum removal efficiency recorded in this study has 
reduced the amount of dye concentration from 100 to 
0.02  mg/L, whereas at the maximum adsorption capac-
ity, the pollutant concentration has reduced from 150 to 
44.34 mg/L. This gives a clue that maximum adsorption 
capacity does not guarantee maximum removal efficiency 
and vice versa. Normally, adsorption capacity is highly 
dependent on the dosage of adsorbent used in which 
a small amount of adsorbent used for higher pollutant 
removal will result in higher adsorption capacity, whereas 
removal efficiency refers to the amount of pollutant 
reduction from wastewater or aquatic environment. 
Hence, the environmental issue is addressed by removal 
efficiency, whereas adsorption capacity is related to eco-
nomics. The actual and predicted maximum removal effi-
ciency is 99.98% and 99.57% respectively indicating the 
consistency of the experiment.

Statistical analysis of variance (ANOVA)
Statistical model analysis and fit summary
The statistical analysis of the experimental data was 
conducted using RSM, and the analysis of variance 
(ANOVA) of the percentage removal was presented as 
in Table 7. The output of different models was compared, 
and focus was given to the non-aliased model, which 
maximized the adjusted  R2 (0.9608) and the predicted  R2 
(0.9003) values and had additional terms that were sig-
nificant. Furthermore, the two values agree, with a differ-
ence of less than 0.2. Therefore, the quadratic model was 
suggested.

The quadratic regression model was found to be rele-
vant for the response prediction, and an F-value of 57.78 
indicates that the model is significant. P-values below 
0.05 indicate that model terms such as A, B, C, D, AB, 
BC, BD,  A2 and  B2 are significant. However, p-values 
greater than 0.100 indicate that the model terms are not 
significant, in which case the model terms AC, AD, CD, 
 C2 and  D2 are insignificant. This implies a linear interac-
tion between pH and dye concentration, adsorbent dos-
age and dye concentration, and dye concentration and 
contact time, and the quadratic interaction effect of pH, 
and dye concentration significantly affects the removal 
efficiency of dye.

The quadratic polynomial model was used to develop 
the mathematical relationship between the response 
and the independent process variables. The output of 
the fit summary of three different models is presented in 
Table 8. The selection of the best-fit model also focused 
on the adjusted  R2 and the predicted  R2 values being 
large, and additional terms being significant. The signal-
to-noise ratio of 401.4, which is greater than 4, indicates 
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that the model has an adequate signal and can be used to 
navigate the design space.

Empirical model by response surface estimation
The empirical model was developed using Box–Behnken 
Design approach of response surface for the maximum 
removal of reactive dye from wastewater, where a rela-
tionship was built among the four independent variables 
and the response variable using a second-order poly-
nomial equation. Based on the model analysis, a quad-
ratic model was fitted to the data model to predict the 
response variable. An empirical relationship between the 
response and the independent variables is shown by the 
following quadratic model Eq. 4.

where A is the solution pH, B is the dye concentration, 
C is the adsorbent dosage, The parameters A, B, C, D, 
AB, BC, BD,  A2, and  B2 were found to have significant 
effect on the response variable as the P-value for all is 
less than 0.05 (P < 0.05), with a relative significance of 
 A2 >  B2 > A > C > BD > AB > B >  C2 > BC > D. However, 
P-values for AC, AD, CD,  C2 and  D2 are greater than 
0.1000 indicating that the model terms are not signifi-
cant. The model equation describes how the dye removal 

(4)

Removal Efficiency (%)

= 65.58− 10.93A− 5.11B

+ 8.21C+ 2.44D− 6.33AB+ 0.0921AC

− 1.82AD+ 3.06BC+ 6.99BD

− 1.76CD+ 18.45A2
+ 13.15B2

− 3.51C2
+ 1.45D2,

Table 6 Batch experiment results for adsorption of BBR dye from aqueous solution

Run no. pH Dye con. 
(mg/L)

Adsorbent dosage 
(g/100 mL)

Contact time 
(min)

Actual removal 
efficiency (%)

Predicted removal 
efficiency (%)

Adsorption 
capacity 
(mg/g)

1. 2 100 0.150 20 98.61 98.53 65.74

2. 2 100 0.100 20 93.38 92.16 93.38

3. 6 100 0.100 20 60.57 64.60 61.57

4. 2 150 0.100 20 97.15 99.53 145.73

5. 10 150 0.100 20 71.17 68.66 106.76

6. 6 50 0.050 20 80.17 79.42 80.17

7. 2 100 0.050 20 88.98 78.76 157.96

8. 6 150 0.150 20 75.38 75.16 75.38

9. 2 100 0.050 20 88.98 78.76 157.96

10. 6 150 0.100 20 65.82 65.64 98.73

11. 2 100 0.150 50 99.98 99.57 66.65

12. 10 50 0.150 50 96.72 99.43 32.24

13. 6 50 0.050 50 78.24 75.17 78.24

14. 2 100 0.050 50 86.45 83.33 172.9

15. 6 150 0.150 50 82.3 81.37 82.30

16. 6 100 0.050 50 51.32 53.85 102.64

17. 2 50 0.050 50 99.12 98.32 96.12

18. 10 50 0.100 50 97.85 97.69 48.93

19. 6 50 0.150 50 77.68 85.49 29.22

20. 10 100 0.050 50 58.86 61.28 117.72

21. 10 50 0.150 80 92.67 92.74 30.89

22. 2 100 0.050 80 93.52 90.80 187.04

23. 10 150 0.150 80 76.27 89.95 90.27

24. 10 50 0.100 80 92.2 92.77 47.1

25. 10 150 0.050 80 72.44 70.76 211.32

26. 10 50 0.050 80 88.55 85.77 86.55

27. 10 150 0.150 80 75.27 89.95 90.27

28. 6 150 0.150 80 88.81 90.49 88.81

29. 2 50 0.050 80 95.40 98.80 95.40

30. 6 150 0.1000 80 84.40 84.50 126.6
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efficiency was affected by individual variables by their 
(linear and quadratic) terms or double interaction. Nega-
tive coefficients indicate that factors negatively affect 
the response variable. In this specific study, the double 
interaction effect of pH and dye concentration, dye con-
centration, and time is negatively affecting the response 
variable. Similarly, the quadratic effect of adsorbent dos-
age was antagonistically affecting the performances.

Adequacy checks for the developed model
The goodness of fit of the model was checked using mul-
tiple correlation coefficients  (R2). The quality of model 
fit for the adsorption process was evaluated using Fish-
er’s test (F-value), the probability value (p-value), the 
lack of fit, the coefficient of determination  (R2), adjusted 
 R2  (R2adj), and predicted  R2  (R2pred). The F-value and 
P-value of the quadratic model were found to be 51.78 
and 0.0001, respectively. This implies that the quad-
ratic model is significant, and that the model can suf-
ficiently predict the removal efficiency of reactive dye 

Table 7 ANOVA for quadratic model

**Significant terms and *insignificant terms

Source Sum of squares df Mean square F-value p-value Significance

Model 4717.57 14 336.97 51.78 < 0.0001 **

A-pH 1157.45 1 1157.45 177.85 < 0.0001 **

B-Dye concentration 278.35 1 278.35 42.77 < 0.0001 **

C-Adsorbent dosage 1041.46 1 1041.46 160.03 < 0.0001 **

D-Contact time 61.81 1 61.81 9.50 0.0076 **

AB 221.38 1 221.38 34.02 < 0.0001 *

AC 0.0583 1 0.0583 0.0090 0.9258 *

AD 19.65 1 19.65 3.02 0.1028 **

BC 83.68 1 83.68 12.86 0.0027 **

BD 319.76 1 319.76 49.13 < 0.0001 *

CD 17.14 1 17.14 2.63 0.1254 *

A2 1300.05 1 1300.05 199.76 < 0.0001 **

B2 543.86 1 543.86 83.57 < 0.0001 **

C2 45.03 1 45.03 6.92 0.0189 **

D2 9.02 1 9.02 1.39 0.2576 *

Residual 97.62 15 6.51

Pure error 17.18 5 3.44

Cor total 4815.19 29

Lack of fit 97.62 13 7.51 *

C.V % 3.03

Table 8 Fit summary and Models’ lack of fit

Source Sequential p-value Lack of fit p-value Adjusted  R2 Predicted  R2 Adeq. precision

Linear < 0.0075 0.0003 0.3223 0.2024

2FI 0.6072 0.0002 0.2816 0.4247

Quadratic < 0.0001 0.2477 0.9608 0.9003 401.4 Suggested

Cubic 0.2477 – 0.9799 Aliased

Source Sum of squares Df Mean square F-value P-value

Linear 2874.01 20 143.70 41.83 0.0003

2FI 2312.15 14 165.15 48.07 0.0002

Quadratic 65.34 10 6.53 1.90 0.2477 Suggested

Cubic 0.000 0 Aliased

Pure error 17.18 5 3.44



Page 11 of 24Mengistu et al. BMC Chemistry           (2023) 17:82  

from aqueous environment. The quality of the fit was 
also examined by comparing the actual values against the 
predicted responses by the model of reactive dye removal 
shown in depicts that the predicted values are quite close 
to the actual experimental result, both spreading closer 
to the straight line, which indicates that the model fits the 
experimental data. Thus, it confirms that the regression 
model exhibits excellent stability for dye adsorption on 
activated carbon. Therefore, it can be concluded that the 
developed response surface model proved satisfactory 
for the prediction of the dye adsorption system. In addi-
tion to this, the adequacy of the model was also checked 
using residual analysis, as shown in Fig.  7a, b. The zero 
residual line in the plot was used to detect whether the 
points are scattered around the horizontal band or clus-
tered in a curved pattern. In this specific study, the data 
points form a detectable pattern at almost the same dis-
tance from the zero residual line. Furthermore, the resid-
ual data points fluctuate more or less in a random fashion 
within the horizontal band, indicating that the model is 
desirable, and that there are no visible model defects.

Interaction effect of factors on BBR dye removal efficiency
pH and initial dye concentration
The interaction effect at varying levels of dye concentra-
tion and solution pH on the response variable is shown 
in the 3D model of Fig.  8a and contour map of Fig.  8b. 
Adsorption of intended pollutant onto the adsorbent 
material is affected by individual factor as well as the 
interaction among experimental variables. Hence, the 
interaction among experimental variables plays crucial 
role in the adsorption capacity as well as removal effi-
ciency. Figure  8a, b depicts that both independent vari-
ables and their interaction strongly affect adsorption of 
the reactive dye and hence the removal efficiency. The 
interaction effect between the two variables was stud-
ied keeping adsorbent dosage and time of contact at 
0.15 g/100 mL and 50 min, respectively. The 3D plot and 
contour map for the interaction effect shows that better 
removal efficiency was attained with the drop of solution 
pH and rise of the pollutant concentration where 100% 
removal efficiency was achieved at pH (2) and 100 mg/L 
of dye concentration. This increase of removal efficiency 
with dye concentration is due to driving force generated 
due to concentration gradient and increase in the prob-
ability of interaction of the pollutant molecules with the 
active sites on the adsorbent [69]. P-value of less than 
0.001 reflects the presence of a relatively stronger inter-
action effect among the initial dye concentration and 
solution pH [70]. Beside this, an increase in protons due 
to the lowering of pH provides a suitable medium for 
the interaction of adsorbent active sites with the anionic 

textile dye molecules. This is because the chemistry of 
the dye molecules was affected by the solution pH and 
the activity of functional groups on the adsorbent sur-
face [71]. Moreover, the competition of due molecules 
with hydrogen ions for the binding active sites was also 
observed.

Initial dye concentration and adsorbent dosage
To evaluate the significance of the impact of linear inter-
action of initial dye concentration and adsorbent dosage 
the 3D view representation is as indicated by Fig. 9a, b, 
which were drawn holding pH and contact time at 2 and 
80  min respectively. Herein, initial dye concentration 
and adsorbent dosage was varied from 50 to 150  mg/L 
and 0.05 to 0.15 mg/100 mL respectively. The maximum 
removal efficiency of dye resulted from the interaction 
of initial dye concentration and adsorbent concentration 
was found to be 100% which is detected mostly around 
higher values of dye concentration and adsorbent dos-
age. Whereas the minimum removal efficiency attained 
was below 90%, approximately around 60%. Normally, 
increasing the adsorbent dosage initially increase the 
adsorption efficiency however, further increase does not 
guarantee enhancement of adsorption capacity due to the 
availability of excessive active sites beyond the required 
optimum amount [6, 72, 73]. Generally, the removal effi-
ciency of dye was positively affected by the interaction of 
adsorbent dosage and initial dye concentration.

Initial dye concentration and contact time
The 3D plot and contour map in Fig.  10a, b shows the 
effect due to the interaction of dye concentration and 
contact time. The study of interaction among the two 
variables was done keeping pH 2 and adsorbent dos-
age (0.15 mg/100 mL) constant. The interaction effect of 
these parameters can be studied moving along the 100% 
contour line, which means that at the pollutant concen-
tration of 125 mg/L the contact time required to achieve 
100% removal efficiency is 80  min. On the other hand, 
when the dye concentration rises to 150  mg/L contact 
time needed reduced to 35  min. This has an indication 
that the concentration gradient, hence the probability 
of interaction of the dye molecules with the active sites 
on the adsorbent surface increases with concentration 
[69, 73]. This is because the more concentrated the dye 
the better the driving force and the frequency of contact 
with the adsorbent. However, lower pollutant concen-
tration requires more time of contact in order to attain 
the 100% removal efficiency. Similarly, with the drop in 
the concentration of dye molecules below 125 mg/L, the 
time of contact required again increases due to a reduc-
tion in the probability of dye molecules interacting with 
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(a)

(b)
Fig. 7 a Plot of actual versus predicted values and b residual versus predicted points for adsorption of reactive dye using RAAC 
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Fig. 8 3D view (a) and Contour map (b) showing interaction effect of pH and initial dye concentration on dye removal efficiency
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Fig. 9 3D view (a) and Contour map (b) showing interaction effect of initial dye concentration and adsorbent dosage on dye removal efficiency
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Fig. 10 The response surface (a) and contour map (b) showing the interaction of dye concentration and contact time
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the adsorbent active sites. In another situation, a drop in 
removal efficiency is observed due to a decrease in dye 
concentration at the constant contact time, which is due 
to a reduction in the frequency of contact with the fixed 
amount of adsorbent. In general, the interaction of dye 
concentration and time of contact affects the response 
variable negatively.

Adsorption isotherm
The nature of interaction between the adsorbent and 
adsorbate at equilibrium was investigated using the Lang-
muir, Freundlich, Temkin and Sips adsorption isotherm 
models. These models’ constants as well as the coefficient 

of determinant  R2 are presented in Table  9. Moreover, 
the linear plots resulting from 1/qt vs 1/Ce for Lang-
muir and log Qe vs log Ce for Freundlich isotherms are 
shown in Figs. 11 and 12, respectively. It can be observed 
from Fig.  11 that the  R2 value for linearized Langmuir 
type of isotherm model was found to be 0.99. Addition-
ally,  Qmax and  KL value obtained from the linear equation 
resulted from plot was determined to be 108.69 mg/g and 
45.662 L/g, respectively. The  RL value recorded from this 
study was found to be 0.02, indicating a favorable condi-
tion. On the other hand, the  R2 and 1/n determined from 

Table 9 Linear and non-linear constant s for various adsorption isotherm studies

Isotherm model Linear constants Non- linear constants

Langmuir R2 = 0.99
Qmax = 108.69 mg/g
KL = 45.66 L/mg
RL = 0.02
Residual sum of squares = 3.65 ×  10–6

Does not converge at all

Freundlich R2 = 0.96
Kf = 34.59((mg/g)(L/mg))0.25

1/n = 0.44
n = 2.27
Residual sum of squares = 0.00594

R2 = 0.96
Kf = 37.84((mg/g)(L/mg))0.25

1/n = 0.38
n = 2.63
Reduced chi-square = 27.10

Temkin R2 = 0.99
bT = 98.17
kT = 3.585
Residual sum of squares = 34.6

R2 = 0.97
bT = 37.69
kT = 1.59
Reduced chi-square = 21.41

Sips R2 = 0.95
1/ns = 0.2
ns = 5
ks = 29.68
Residual sum of squares = 0.00095

Does not converge at all
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Fig. 11 Graphical representation of Langmuir isotherm (linear) 
for adsorption of BBR dye
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linear Freundlich isotherm was found to be 0.96 and 0.44, 
indicating a favorable adsorption. The non-linear forms 
of adsorption isotherm models; Freundlich (Fig. 13) and 
Temkin (Fig. 14) are almost resulted in similar degree of 
fits with their linear forms (Figs. 12 and 15 respectively). 
Linear forms of Langmuir (Fig. 11) and Sips (Fig. 16) were 
found to fit the data despite their non-linear forms lack 
of convergence. In comparison, the Langmuir isotherm 
model (linear form) was found to be more explanatory, 
suggesting the nature of the interaction to be monolayer 
and homogenous. This implies the surface of the adsor-
bent can be saturated with single attachment of the dye.

Adsorption kinetics
The batch adsorption experimental data are fitted with 
PFO, PSO, IPD and Elovich kinetics models and the 
results are presented in Table  10. The selection of the 
best data fit was evaluated using determinant coefficient, 
as well as the error analysis was carried using residual 
sum of squares (for linear plot) and reduced chi square 
(for non-linear plot). The non-linear and linear plots of 
PFO kinetics models are presented in Figs.  17 and 18 
respectively. It seems the non-linear equation of PFO 
with  R2 = 0.98 fits better when compared to the linear 
one  (R2 = 0.90). On the other hand, Figs. 19 and 20 depict 
the non-linear and linear forms of PSO models respec-
tively. Kinetics constants  (R2,  K2, and Qe, calculated) 
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Fig. 13 Freundlich isotherm (non-linear) for BBR dye adsorption 
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for linear and non -linear plots of PSO are almost equal. 
Additionally, the linear and non-linear plots of IPD 
model are depicted in Figs.  21 and 22 respectively. The 
application Elovich kinetic model for analysis of BBR dye 
adsorption onto activated carbon of Rumex abyssini-
cus was carried both in non-linear and linear forms and 
depicted in Figs. 23 and 24 respectively. In comparison, 
PSO (linear) with a maximum  R2 of 0.99, insignificant 
difference between Qe, experimental (32.66  mg/g) and 
Qe, calculated (33.22  mg/g) and very small discrepancy 
between the data and estimated value was found descrip-
tive. Hence, the adsorption process is chemisorption 
with strong bond and slow attachment process between 
adsorbate and adsorbent and saturated sites exist and the 

reaction rate is affected by the concentration of BBR dye 
and RAAC.

Regeneration and reusability study
A regeneration and reusability study of the spent adsor-
bent is of immense importance since it provides infor-
mation whether lab scale production is applicable or 
not for mass production at an industrial scale. Hence, 
the regeneration of RAAC was conducted through a 
chemical method and tested for practical reusability 
for five cycles. Precisely, 0.1 g of pollutant loaded mate-
rial was shaken at 80 rpm for 2 h in NaOH (0.1 M and 
100  mL). Then, after the pollutant was significantly 
desorbed, the filtration of the solution was carried out 

Table 10 Kinetics models for adsorption of BBR dye onto RAAC 

Kinetics models Linear constants Non-linear constants

PFO R2 = 0.98
K1 = 0.0267  min−1

Qe, calculated = 11.53 mg/g
Residual sum of squares = 0.00232

R2 = 0.90
K1 = 0.01  min−1

Qe, calculated = 29.78 mg/g
Reduced chi-square = 0.025

PSO R2 = 0.99
K2 = 0.005 g/mg min
Qe, calculated = 33.22 mg/g
Residual sum of squares = 7.6 ×  10–4

R2 = 0.99
K2 = 0.006 g/mg min
Qe, calculated = 33.18 mg/g
Reduced chi-square = 0.0004

IPD R2 = 0.98
Kd = 1.34 mg/g.min0.5

C = 20.07 mg/g
Residual sum of squares = 0.176

R2 = 0.98
Kd = 1.34 mg/g.min0.5

C = 20.06 mg/g
Reduced chi-square = 0.059

Elovich R2 = 0.94
α = 0.25
β = 129.19
Residual sum of squares = 0.1006

R2 = 0.99
α = 0.25
β = 127.92
Reduced chi-square = 0.033
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using Whatman filter paper. Therefore, the desorbed 
material was dried in an oven and used for five cycles 
for examining its reusability potential. The result of the 
reusability study is depicted in Fig. 25 and the removal 
capability of the reused RAAC was found encourag-
ing with BBR dye removal efficiency ranging from 96.5 
to 75.01%. Hence, the results suggest that RAAC was 
found to possess high reusability potential which in 
turn could give it great potential to be used at an indus-
trial level.

Cost analysis
The cost for laboratory scale produced Rumex abys-
sinicus derived activated carbon includes costs for raw 
material preparation, sample collection, raw material 
drying, chemical activation, thermal activation, neu-
tralization and drying of activated carbon. The total 
production cost was estimated to be 85.41 USD/kg. This 
production cost is approximately three times cheaper 
than commercial activated carbon with a high specific 
surface area, which is 259.5 USD/kg [74]. Hence, RAAC 
can serve as alternative toxic dye removal with low 
cost. Finally, Table 11 is comprehensive table inclusive 
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Fig. 19 PSO kinetics (linear plot) for BBR dye adsorption 
from aqueous solution

20 30 40 50 60
25

26

27

28

29

30

31

Q
t (

m
g/

g)

t (min)

R2=0.988

Fig. 20 PSO kinetics (non-linear plot) for BBR dyes adsorption 
from aqueous solution

20 30 40 50 60
25

26

27

28

29

30

31

Q
t (

m
g/

g)

t (min)

R2=0.985
Kd=1.34
c=20.06
reduced chi -sqr=0.059

Fig. 21 IPD non-linear plot for BBR dye adsorption from aqueous 
solution

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
25

26

27

28

29

30

31

Q
t

t0.5

R2=0.986
y=1.32x+20.07

Fig. 22 IPD kinetics plot (linear form) for BBR dye adsorption 
from aqueous solution



Page 20 of 24Mengistu et al. BMC Chemistry           (2023) 17:82 

of all the lab scale cost involved during the fabrication 
of current activated carbon.

Comparative study
Compared to similar classes of activated carbons pro-
duced from biomass materials, RAAC applied for the 
removal of BBR dye found to be superior. The improve-
ment may be described in terms of small amount 
adsorbent consumption for substantial pollutant detoxi-
fication, which is related to adsorption capacity, perform-
ing well at low contact time, which is used to minimize 
the time spent, and more importantly the maximum 
removal efficiency recorded from an environmental per-
spective makes the current study promising. Table  12 
presents performance of different biomass based acti-
vated carbons in adsorption of brilliant blue reactive dye.

Conclusion
Rumex abyssinicus-based activated carbon was devel-
oped and used for the adsorption of BBR dye in aque-
ous solutions, where the adsorbent material was 
prepared through chemical activation followed by ther-
mal activation. Proximate analysis, pHpzc, SEM, FTIR, 
XRD, and BET techniques were used to characterize 
the developed biomass-derived activated carbon, and 
the analysis result showed that the adsorbent is com-
posed of 3.4% moisture content, 9.5% ash content, 
16.2% volatile matter, and a fixed carbon percentage 
of 70.9, indicating the quality of the prepared precur-
sor material. On the other hand, the pHpzc was deter-
mined to be 6.90, which describes that the surface of 
the adsorbent is positively and negatively charged 
below and above pH 6.9, respectively. The SEM analy-
sis resulted in irregular porous morphology and the 
presence of multiple functional groups were analysed 
using FTIR. Normally, these multiple functional groups 
along with the porous, non-uniform shapes of the 
adsorbent enhance the adsorption of multipollutant of 
varying in size. The high BET specific surface area of 
524   m2/g as well as the amorphous surface structure 
of the adsorbent has made the synthesized activated 
carbon a potential candidate for the removal of toxic 
dyes like BBR. Response surface methodology coupled 
with the Box Behnken approach was used to design the 
experiment, where four experimental variables with 
three levels: pH (2, 6, and 10), initial dye concentra-
tion (50, 100, and 150  mg/L), adsorbent dosage (0.05, 
0.1, and 0.15 g/100 mL), and contact time (20, 50, and 
80  min) were used to generate 30 experimental runs. 
Batch adsorption experiments resulted in maximum 
and minimum removal efficiency of 99.98 and 51.32%, 
respectively, where the maximum removal efficiency 
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of 99.98% was obtained at optimum batch adsorption 
conditions of pH 2, contact time of 50 min, initial dye 
concentration of 100  mg/L, and adsorbent dosage of 
0.15 g/100 mL. Among the regression models, a quad-
ratic regression model with  R2 of 0.9797 was found to 
better describe the data. Moreover, the maximum pre-
dicted removal efficiency of 99.57% was obtained using 
the quadratic model, which is very close to the experi-
mentally determined value of 99.98%. On the other 
hand, the interaction effects involved between pH and 
initial dye concentration, initial dye concentration 

and adsorbent dosage, and initial dye concentration 
and contact time were found to be significant. Among 
adsorption isotherms, the Langmuir isotherm model 
with  R2 of 0.99 was found to be explanatory, indicating 
the interaction of adsorbent and adsorbate monolayer 
and homogenous. In addition to this, pseudo-second 
order kinetics with an insignificant difference between 
Q experimental and Q calculated and a  R2 of 0.99 
were found to fit the data well, suggesting the nature 
of the adsorption to be chemosorption, in which both 
adsorbate and adsorbent concentrations are potential 

Table 11 Simple cost analysis for laboratory scale produced RAAC 

Activity Cost

Sample collection 80 ETB, half-day work for one labour worker

Raw material drying 0, used sun-dried Rumex abyssinicus

Size reduction 2.29 ETB, KWh = 1.223 ETB, the grinding machine utilizes 0.75 KWh per hour, takes 0.5 to 3 min to grind 
50 g of the Rumex abyssinicus, 780 g of Rumex abyssinicus end up with 314 g of activated carbon, which 
means 2.5 kg of the raw material was required to produce 1 kg of activated carbon, 2.5 h was used 
to finish grinding the RM, that means (0.75 KWh * 2.5 h)/h = 1.875 KWh * 1.223ETB = 2.29ETB

Chemical activation Cost of 88% phosphoric acid in Ethiopia per liter is 800ETB, diluted to 50% phosphoric acid solution 
for application due to high moisture uptake of the raw material, the specific gravity of 50% phosphoric 
acid = 1.334 kg/L and 600 ETB used per kg. Hence, to impregnate 2.5 kg of raw Rumex abyssinicus sample 
needed 2.5 kg * 3 * 600 ETB = 4500ETB

Thermal activation Furnace energy consumption 26 KWh per day, for 2 h of activation 2.167 KWh * 1.223ETB/KWh = 2.65 ETB

Neutralization Distilled water was used for neutralization, approximately 10 ETB

Drying of activated carbon 0.75 KWh/h * 8 * 1.23 ETB = 7.38 ETB

Table 12 Comparative study of RAAC with other adsorbents applied for removal of BBR dye

S no. Activated carbon precursor Treatment conditions Removal efficiency/
adsorption capacity

References

1. Coconut shell Adsorbent dosage 5 g/L, 360 min contact time, initial dye 
concentration 10 mg/L and pH 2

98.77% [75]

2. Macroporous polystyrene resin Solution pH 2.0, 150 min contact time at 25 °C, and adsor-
bent dosage 1.0 g/L

208.33 mg/g [76]

3. Snail shell powder Contact time 10 min, dye concentration 30 mg/L, 
0.01 g/100 mL

99.09% [77]

4. Date pits 1.5 g/L adsorbent dosage, 40 mg/L dye concentration, pH 
of 2 and contact time of 50 min

90.4% [78]

5. Gelidium corneum biomass 100 mg/L RBB, pH 5, 4 g/L algal biomass and 180 min 
of contact time

89.18% [19]

6. Pomegranate fruit peel Adsorbent dose 0.2 g/200 mL, dye concentration 25 mg/L, 
contact time 24 h

81.35% [79]

7. Sewage sludge biochar Adsorbent dose of 100 g/L and dye concentration 
(100 mg/L) after 60 min

87.03 mg/g [18]

8. Thuja orientalis leaves: pH 6 and contact time of 300 min, adsorbent dosage 2 g/L 
and dye concentration 4.165 g/L

81% [16]

9. Rumex abyssinicus derived activated carbon pH of 2, contact time 50 min, dye concentration 100 mg/L 
and adsorbent dosage of 0.15 g/L

99.98% Current study
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rate-determining factors. Finally, it can be inferred that 
Rumex abyssinicus-derived activated carbon appears to 
be a potential candidate for the detoxification of harm-
ful dye-containing effluent. However, further investiga-
tion, such as column and thermodynamics studies, is 
recommended before applying at an industrial level for 
wastewater treatment.
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