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Abstract
In this study, the pyrolysis of sewage sludge was employed to prepare a biochar (BC) adsorbent that was modified 
using eggshell wastes, obtaining eggshell-modified biochar (EMBC). The adsorbent material was used for the removal 
of monoethylene glycol (MEG) from aqueous solutions under various adsorption conditions. Results showed that the 
specific surface area of EMBC (i.e., 3.95 m2/g) was approximately twofold higher than that of BC, implying that the appli-
cation of eggshell waste would improve the surface adsorption performance. The optimum adsorption pH value was 
7, achieving MEG removal efficiencies of 29.9% for BC and 89.9% for EMBC using adsorbent dosage = 2 g/L, initial MEG 
concentration = 100 mg/L, and 25 °C within 60 min. The adsorption mechanisms were illustrated regarding XRD, FTIR, and 
SEM, demonstrating that surface adsorption, pore-filling, precipitation, and complexation contributed to the adsorption 
process. The adsorption data fitted well to the Langmuir isotherm model with the maximum monolayer adsorption capac-
ity of 12.20 mg/g, implying a reversible physisorption mechanism. Based on a techno-economic feasibility assessment, 
the preparation of BC and EMBC adsorbents for the treatment of 1 m3 of wastewater-containing ethylene glycol would 
require capital costs of 4.80 and 6.50 US$, respectively. The selling of adsorbents and the economic benefit of tertiary 
treated water showed adequate annual profitability with payback periods of 12.97 and 6.79 years for the BC and EMBC 
scenarios, respectively. Hence, the study succeeded in preparing efficient and low-cost adsorbents that could be used 
for the tertiary treatment of petrochemical industrial wastewater containing toxic environmental pollutants.
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1 Introduction

Petrochemicals are large and complex chemical prod-
ucts derived from natural gas and petroleum, releasing 
monoethylene glycol (MEG) to the natural environment 
(e.g., water bodies) [1]. Monoethylene glycol (MEG; for-
mula HO–CH2–CH2–OH) is an essential chemical product 
used to manufacture polyester fiber, bottles, and film 
[2]. It is also required to reduce the risk of gas hydrate 
formation during hydrocarbon transportation [3]. Pet-
rochemical industrial wastewater laden with MEG is 
characterized by poor biodegradability, high toxic-
ity, and carcinogenicity [4]. In addition, petrochemical 
effluents pose serious threats to human health, includ-
ing damages of the brain, eyes, kidneys, and nervous 
system; or even death at high doses [5]. They also tend 
to deteriorate the environment and ecosystems; hence, 
removing MEG from the aquatic environment is of great 
importance.

Previous studies have attempted to eliminate MEG from 
aqueous solutions via the adsorption process using acti-
vated carbon [6, 7] and Zr-metal organic frameworks [5]. 
These studies have revealed that adsorption would be a 
promising and cost-effective approach for the treatment 
of wastewater containing MEG. Adsorption is a simple 
and environmentally friendly technology that has found 
relevant results, regarding energy utilization, sludge dis-
posal issues, and operation and maintenance costs [8, 9]. 

In comparison, the biological systems used for the treat-
ment of industrial wastewater containing ethylene glycol 
entail a retention time over 12 h [10]. The long hydraulic 
residence time leads to large reactor volumes and initial 
investment costs [8]. Moreover, the chemical treatment of 
petroleum wastewater requires advanced reactions and 
processes, and it utilizes large amounts of reagent and 
raw material [3]. Furthermore, the membrane technology 
suffers from high energy consumption, fouling and scal-
ing problems, and complex production and control pro-
cedures [11].

The selection of a low-cost, effective, and abundant 
adsorbent is an essential step in the adsorption technol-
ogy [12, 13]. In Egypt, huge quantities of sewage sludge 
are generated from wastewater treatment plants (WWTPs), 
releasing toxic substances into soil and groundwater. How-
ever, the sludge material could be appropriately utilized 
via the production of biochar as a carbon-rich adsorbent 
for the purpose of petrochemical wastewater treatment 
[14]. However, sludge-derived biochar might retain insuf-
ficient surface area and poor porosity after the pyrolysis 
process, reducing its practical application in the adsorp-
tion system [15]. In this context, the modification of bio-
char surface properties is an essential step to improve its 
adsorption capacity. Food wastes such as eggshells have 
been reported to contain a series of functional groups, 
intrinsic pore structure, and a mineral phase (calcite) that 
could improve the uptake capability of raw adsorbents 
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[16]. Hence, the use of eggshell waste to modify the bio-
char surface properties for pollutant adsorption would be 
an attractive and interesting research topic.

The review articles by Liu et al. [17] and Xiang et al. [18] 
have summarized the recent applications of biochar as a 
low-cost, highly efficient, and eco-friendly adsorbent for 
the removal of a wide range of pollutants from industrial, 
agricultural, and municipal wastewaters. However, these 
comprehensive reviews demonstrate that few studies have 
focused on applying biochar for the removal of petroleum 
pollutants, suggesting that this topic has a knowledge gap 
in the existing literature. Hence, this study aimed at syn-
thesizing a biochar material from sewage sludge, namely 
raw biochar (BC). Eggshell wastes were used to obtain 
eggshell-modified biochar (EMBC), which was applied 
as an adsorbent material for removing MEG from aque-
ous solutions. The adsorbent phase was characterized by 
Brunauer, Emmett and Teller (BET) specific surface area, 
Barrett–Joyner–Halenda (BJH) pore-size distribution, X-ray 
powder diffraction (XRD), Fourier-transform infrared (FTIR) 
spectroscopy, and scanning electron microscope (SEM). 
Moreover, the effects of adsorption conditions, i.e., solu-
tion pH, adsorbent dosage, and initial MEG concentration 
(Co), on the MEG removal efficiency (R) were investigated. 
The adsorption mechanisms were illustrated regarding 
isotherm studies (Langmuir and Freundlich models). Envi-
ronmental consideration and economic feasibility for syn-
thesizing the biochar adsorbents (BC and EMBC) to treat 
wastewater-containing ethylene glycol were determined.

2  Materials and methods

2.1  Preparation of adsorbate (i.e., monoethylene 
glycol)

An adsorbate solution (stock) with a concentration of 
1000 mg/L was prepared using an analytical-reagent grade 
of MEG  (C2H6O2). The stock solution was diluted to prepare 
a series of MEG concentrations (25, 50, 75, 100, 125, and 
150 mg/L), as reported by Zaboon et al. [5]. The pH values 
of the MEG phase were adjusted using 0.1 M solutions of 
either HCl or NaOH. Distilled water was used throughout 
the study, and all chemicals were of analytical-reagent 
grade.

2.2  Preparation of adsorbent (i.e., biochar 
and eggshell‑modified biochar)

Sewage sludge was collected from a full-scale municipal 
WWTP located at Alexandria Governorate. The obtained 
sludge samples were dried in an oven at 100 °C for 24 h, 
and then screened with standard sieves (60 mesh sieve) to 

obtain particle-diameters with a range of 0.25–0.50 mm. 
The raw biochar (BC) material was prepared by the pyroly-
sis of sewage sludge using a muffle furnace (Asahi Rika 
tabletop, AMF-25 N, Japan). An oxygen-free condition was 
enabled by vacuum evacuation for about 5 min, and the 
pyrolysis process was performed at 900 °C with a heating 
rate of 5 °C/min for 60 min [17, 19, 20].

For the preparation of modified biochar, chicken egg-
shell waste was acquired from a restaurant at Egypt-
Japan University of Science and Technology (E-JUST). 
The collected eggshells were thoroughly washed and 
rinsed with distilled water several times to remove any 
impurities before drying in an oven at 100 °C for 24 h. 
The dried chicken eggshells were crushed and grounded 
into fine powders using a stainless-steel grinder (Tornado 
steel grinder, MX 900/2, Egypt), and then subjected to 
0.25–0.50 mm sieving. Finally, the eggshell-modified bio-
char (EMBC) was prepared by mixing the raw biochar with 
crushed eggshell waste with a ratio of 1:1 using a shaker 
(Benchmark, Incu-shaker mini, USA) [16].

2.3  Adsorption experiment

Batch adsorption experiments were conducted in 250-mL 
flasks at a stirring rate of 100 rpm and 25 ± 2 °C. A one-
factor-at-a-time statistical method was used to study the 
influences of operational conditions on removing MEG 
from aqueous solutions within 60 min. In the first experi-
ment, the solution pH was adjusted between 2 and 10 at 
adsorbent dosage = 2 g/L, and Co = 100 mg/L. In the second 
experiment, the adsorbent dosage varied from 2 to 10 g/L 
at the optimum pH (from the first test) and Co = 100 mg/L. 
The third experiment was carried out by varying Co from 
25 to 150 mg/L at the optimum pH and adsorbent dosage 
obtained from previous examinations. The adsorption data 
were used to estimate the MEG removal efficiencies (Eq. 1) 
and the adsorbents’ uptake capacities (Eq. 2).

where R is the MEG removal efficiency (%), Q is the uptake 
capacity (mg/g), m the is biochar mass (g), V is the solution 
volume (L), and Co and Ce are the initial and equilibrium 
concentrations of MEG, respectively (mg/L).

2.4  Analytical analysis

For the determination of MEG concentrations, the solu-
tion was treated using a 0.22 μm filter and analyzed by 

(1)R =
Co − Ce

Co
× 100

(2)Q =
(

Co − Ce

)

×
V

m
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Gas Chromatography-Mass Spectrometry (Shimadzu 
Model GCMS‐QP2010, Kyoto, Japan). The surface area 
and pore-size distribution of adsorbents were estimated 
using the Brunauer–Emmett–Teller (BET) and the Bar-
rett–Joyner–Halenda (BJH) theories, respectively, (Bel 
Japan Inc., Belsorp mini-II) by recording the amount 
of liquid  N2 adsorption on the biochar surface at 77 K 
[21]. The crystallinity of samples was investigated by an 
X-ray diffractometer (XRD) (Shimadzu Xlab 6100, Kyoto, 
Japan), operating at 40 kV and 30 mA with Cu Kα radiation 
(λ = 1.5406 Å). For XRD patterns, scans were taken over a 
2θ range of 10°–80° with a step size of 0.02° and a scan 
rate of 12 °C/min. A Fourier Transform Infrared (FTIR) Spec-
troscopy (Bruker Vertex 70 Optics, Ettlingen, Germany) 
was used to record the variation of surface functional 
groups before and after adsorption over the 4000–400 
1/cm region. A scanning electron microscopy (SEM JEOL 

JSM-6010LV JEOL, Tokyo, Japan) was used to display the 
surface morphology of adsorbents.

3  Results and discussion

3.1  Biochar characterization

Figure 1 shows the BET surface area characterization 
(Fig. 1a) and pore-size distribution (Fig. 1b) determined 
by the  N2 adsorption/desorption tests. The EMBC adsor-
bent attained a twofold increase in the specific BET sur-
face area compared to the case of BC. A similar pattern 
was observed for the total pore volume, implying the 
contribution of eggshells to modify the adsorbent sur-
face [16]. The greater surface area would enhance MEG 
adsorption onto the respective adsorbent surface [20]. 
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Fig. 1  Characterization of biochar (BC) and eggshell-mod-
ified biochar (EMBC) after adding eggshell wastes (EGS): a 
 N2-adsorption  isotherms for BET surface area calculation, b Bar-

rett–Joyner–Halenda (BJH) pore size distribution, c XRD patterns 
of EMBC before and after adsorption, d FTIR spectra, e SEM micro-
graph before adsorption, and f SEM micrograph after adsorption
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The BET surface area for the prepared EMBC (3.95 m2/g) 
was higher than that for rice-husk biochar of 0.63 m2/g 
[22], pine-wood biochar of 0.18  m2/g [23], and kelp-
magnetic biochar of 0.97 m2/g [24]. The dominant pore 
size of eggshells was around 18 nm (Fig. 1b), suggesting 
almost a mesopores range (2–50 nm). In addition, the 
eggshells material exhibited a small peak in the micro-
porosity region (< 2  nm). The BC material possessed 
various pore-size distribution peaks at the mesopores 
domain (2–50 nm), and hence, the synthesized EMBC 
adsorbent covered the micro-, meso- and macro-ranges. 
Results also demonstrated that the average pore sizes 
of BC, EMBC, and eggshells were 38.5 nm, 25.3 nm, and 
14.0 nm, respectively.

Figure 1 also shows the phase identification of EMBC 
before and after MEG adsorption via the XRD analysis. Fig-
ure 1c depicts that the strongest diffraction peaks were 
assigned to  SiO2 (quartz at 26.56°; PDF#65-0466) and cal-
cite  (CaCO3). The XRD patterns observed no other signifi-
cant peaks, suggesting the amorphous carbon structure 
of the prepared biochar [22]. This result could also dem-
onstrate that the EMBC particles were crystalline calcite, as 
calcite is the eggshell’s major component [25].

Figure  1d displays the FTIR spectra of the adsor-
bent material before and after MEG adsorption. It was 
demonstrated that the main functional groups of raw 
biochar were: N–H stretching at 3700 1/cm; bonded 
hydroxyl groups (OH) at 3250–3600 1/cm; –C–H or  CH3 at 
2100–2360 1/cm; –CH2 or aromatic C=C stretching at 1417 
1/cm; alcohol C–O stretching at 1029 1/cm; C–H at 939 
1/cm; Si–O at 468 1/cm [8, 12]. These surface OH groups 
would serve as reactive sites for adsorbed species [26]. The 
shift of some bands after adsorption, e.g., 1417 1/cm was 
shifted to 1424 1/cm for –CH2 or C=C, implied the involve-
ment of the relevant functional groups in the complexa-
tion of MEG. Similarly, Zaboon et al. [5] depicted that the 
variation of surface functional groups after MEG adsorp-
tion onto metal–organic frameworks could be attributed 
to (a) the presence of a trace of MEG bind with carbonyl 
carbons, and (b) the loading of a high amount of MEG 
inside the pores. Comparable bands were observed for 
the modified biochar (Fig. 1d); however, other functional 
groups were noted after the addition of eggshells, indi-
cating the structure integrity [27]. For instance, the bands 
at 1636–1796 1/cm, 1411 1/cm, and 708–873 1/cm could 
be assigned to carboxyl C=O, carbonate, and calcium car-
bonate, respectively, due to the eggshell component [28]. 
Based on these findings, the functional groups, namely 
alkane (e.g.,  CH2 and  CH3 deformation), aromatic (e.g., 
C=C stretching), alcohol (e.g., O–H stretching, and N–H 
stretching), and (e.g., ester S–OR stretching), located on 
the adsorbent surface could be beneficial to cause interac-
tions and complexation with adsorbate pollutants.

The SEM micrographs in Fig. 1e–f show the morphol-
ogy and porous structure of the investigated adsorbents 
at 10,000 × magnification. Before adsorption, the adsor-
bent material had an active porous structure, with a 
smooth surface and vacant biochar pores (Fig. 1e). After 
the adsorption process (Fig. 1f ), the biochar surface was 
dense, rough, and fully covered, indicating a pore-filling 
mechanism [29].

3.2  Effect of solution pH

Figure 2a shows the influence of solution pH on remov-
ing MEG by biochars (i.e., BC and EMBC) at an adsorbent 
dosage of 2 g/L, Co = 100 mg/L, and 60 min. An increase 
in initial pH from 2 to 7, respectively, caused an improve-
ment of MEG removal from 22 to 30% for BC (r 0.97; p 0.02) 
and from 81 to 90% for EMBC (r 0.89; p 0.11). Similar pat-
terns were found for the adsorption capacities, achieving 
maximum values of 15 and 45 mg/g for BC and EMBC, 
respectively, at pH about 7. Further, an increase in pH 
over 7 caused a slight drop in the MEG removal efficiency. 
The influence of pH on the adsorption process could be 
explained by the point of zero charge  (pHPZC) of the bio-
chars shown in Fig. 2b. It was demonstrated that the net 
surface charge of the adsorbent approached zero at a 
solution pH of about 8.0 for BC and 8.2 for EMBC. In the 
acidic phase, where solution pH is lower than  pHPZC, the 
adsorbent surface would carry more positive charges (i.e., 
 H+). On the other side, as the solution pH increased over 
 pHPZC, the number of negatively charged sites increased; 
hence, the negative charges tended to cover the biochar 
surface. These patterns would increase the repulsive forces 
among active sites (either positive sites at pH < pHPZC or 
negative sites at pH > pHPZC), reducing the migration of 
MEG from the bulk solution to the surface of the adsor-
bent [30]. Overall, results indicated that the neutral condi-
tion favored the adsorption of MEG onto biochars; hence, 
pH = 7 was selected throughout this study. This finding 
complied with a previous work by Zaboon et al. [5], which 
demonstrated that neutral solutions (pH = 7) provided the 
optimum condition for MEG removal via metal–organic 
frameworks.

3.3  Effect of biochar dosage

Figure 2c shows the effect of biochar dosage on MEG’s 
adsorption by BC and EMBC at a solution pH = 7, 
Co = 100 mg/L, and 60 min. An increase in dosage from 
2 to 10 g/L, respectively, resulted in the improvement 
of the MEG removal efficiency from 29 to 49% for BC 
(r 0.99; p < 0.05) and from 90 to 96% for EMBC (r 0.98; 
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p < 0.05). This result could be attributed to the increase 
in the number of available adsorption sites at higher 
doses [21]. On the contrary, the adsorption capacity 
observed a negative correlation with the adsorbent 
dose, which could be because some of the adsorption 
pores remained unoccupied during the adsorption pro-
cess [31]. However, the increase in adsorbent dosage 
from 6 to 10 g/L attained insignificant (p > 0.05) improve-
ment in the adsorption system. Accordingly, a biochar 
dosage of 6 g/L was chosen for further studies.

3.4  Effect of initial MEG concentration (Co)

The effect of Co on the adsorption process was inves-
tigated at the optimum pH of 7 and biochar dosage of 
6 g/L within 60 min (Fig. 2d). An increase in Co caused 
a decline in the MEG’s percentage removal, achieving 
the least values of 25.3% for BC and 46.5% for EMBC at 
Co 150 mg/L. This finding could be because the num-
ber of available adsorption sites became generally fully 
occupied with increasing the amount of adsorbate spe-
cies (i.e., higher Co) [6]. On the contrary, the adsorption 
capacity increased at higher Co due to the enhanced 
driving force to overcome the resistance of MEG transfer 
from the solution medium to the surface of the biochar 
[23].

3.5  Adsorption isotherm

In this part, the Langmuir and Freundlich isotherm models 
were used to describe and quantify the adsorption of MEG 
onto biochars through various Co values under optimal 
conditions (pH 7, and dosage 6 g/L).

3.5.1  Langmuir isotherm

Langmuir isotherm is used to describe the adsorption 
mechanism under the equilibrium conditions, occurring 
over a homogeneous monolayer surface [32]. The constant 
parameters of the Langmuir model could be estimated by 
fitting the linear expression (Eq. 3) to the adsorption data.

where, Ce (mg/L) and Qe (mg/g) are MEG concentration 
and amount of adsorbate uptake at equilibrium, respec-
tively, and Qm (mg/g) and KL (L/mg) are the Langmuir 
constants that describe the maximum monolayer adsorp-
tion capacity of an adsorbent and the affinity between an 
adsorbent and adsorbate, respectively.

The plot of Ce/Qe versus Ce results in a linear correla-
tion with an intercept of 1/(KL × Qm) and a slope = 1/Qm. 
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biochar (BC) and eggshell-modified biochar (EMBC) at 25  °C 
within 60  min: a influence of solution pH (2–10  g/L) at adsorbent 
dosage = 2  g/L and Co = 100  mg/L, b variation of pH at point zero 
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The plot in Fig. 3a depicted that the values of Qm and KL, 
respectively, were 6.50 mg/g and 0.04 L/mg for BC and 
12.20 mg/g and 0.59 L/mg for EMBC. The higher Qm and 
KL values implied that EMBC attained better adsorption 
capabilities compared to BC [6].

The Langmuir constants were then used to estimate the 
separation factor (RL), using Eq. (4) [33].

where RL is an equilibrium parameter (dimensionless 
factor).

The shape of Langmuir isotherm is Irreversible at RL = 0, 
Linear at RL = 1, Unfavorable at RL > 1, and Favorable at 
RL < 1 [34]. In the present investigation, the RL values were 
0.13 for BC and 0.01 for EMBC, suggesting that the adsorp-
tion of MEG onto biochars was favorable under the experi-
mental conditions.

3.5.2  Freundlich isotherm

The Freundlich isotherm model is based on the assump-
tion that adsorption occurs onto a heterogeneous sur-
face of an adsorbent [35]. The linear form of Freundlich 
isotherm is expressed by Eq. (5).

(4)RL =
1

1 + KL × Co

where KF represents the Freundlich adsorption capacity 
(mg/g)/(mg/L)n, and n is the Freundlich intensity constant 
related to the surface heterogeneity (dimensionless), in 
which, favorable adsorption occurs when the value of n 
ranges between 0 and 10 [36].

The linear plot of ln(Qe) against ln(Ce) caused a straight 
line with a slope and an intercept of 1/n and ln(KF), respec-
tively (Fig. 3b). These findings indicated that the Freun-
dlich constants (KF and n) were derived as 2.03 (mg/g)/
(mg/L)n and 5.16 for BC and 4.32 (mg/g)/(mg/L)n and 3.53 
for EMBC.

Based on the isotherm study (Fig. 3c, d), the nonline-
arized Langmuir equation (Eq. 6) provided a better fit for 
the adsorption data, suggesting higher accuracy than the 
Freundlich model (Eq. 7).

The outcomes of the isotherm study implied that MEG’s 
adsorption onto both biochars (BC and EMBC) could be 
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Fig. 3  Isotherm study for adsorption of MEG onto biochar (BC) and 
eggshell-modified biochar (EMBC) within 60  min: a estimation of 
Langmuir model parameters, b estimation of Freundlich model 

parameters, c fit of adsorption data for BC to Langmuir and Fre-
undlich isotherm models, and d fit of adsorption data for EMBC to 
Langmuir and Freundlich isotherm models
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reversible and no interaction would occur among adsorb-
ate species [34]. The RL values obtained in this study com-
plied with that found by Aworn et al. [7], using activated 
carbon synthesized from corncob to removal MEG (RL 
0.076–0.156). In another study, Zaboon et al. [5] attained 
a higher Qm of 2000–2500 mg/g for the removal of MEG 
via Zr-metal organic frameworks at pH = 7, which could be 
due to the use of different Co of 150–700 mg/L within 24 h.

3.6  Adsorption mechanism

A recent review by Mohan et al. [37] has represented vari-
ous applications of biochars for eliminating organics (e.g., 
dyes, antibiotics, pesticides, and phenolics) and inorganics 
(i.e., cations and anions). However, this review article lacks 
the removal of ethylene glycol from aqueous solutions. 
MEG  (HOC2H4OH) molecules have a short-chain and non-
electrolyte adsorbate [38], and hence, they would be effi-
ciently adsorbed on the whole surface of biochars. Accord-
ingly, the adsorption mechanisms could be well described 
regarding the structure, morphology, and surface texture 
of the adsorbent, as well as the experimental conditions. 
The removal of MEG by biochars could occur due to the 
physical attachment of aqueous solution to the solid sur-
face, involving weak van der Waals forces (i.e., Physisorp-
tion) [29]. Similarly, Aworn et al. [7] demonstrated that 
the removal mechanism of MEG onto corncob activated 
carbon was physisorption, with a saturation capacity of 
4.51 mol/kg. The Van der Waals-London forces compress 
three main mechanisms, viz., (a) induced dipole-induced 
dipole interaction, (b) dipole–dipole interaction, and 
(c) dipole-induced dipole interaction [39]. The adsorp-
tion of MEG onto biochars also followed the Langmuir 
isotherm model with surface-monolayer interaction of 
Qm = 12.20 mg/g (Fig. 3a), implying a reversible physisorp-
tion mechanism, as reported by Tran et al. [34]. In addition, 
no further interaction would occur between the adsorbent 
surface and MEG molecules when the biochar surface was 
saturated with a single-layer of the adsorbate molecules 
(monolayer adsorption). Likewise, Chang et al. [6] found 
that the adsorption of polyethylene glycol onto activated 
carbon followed the Langmuir isotherm model, describing 
the adsorption mechanism as surface and pore diffusions. 
Zaboon et al. [5] also depicted that Langmuir isotherm was 
the best model to fit the experimental data to remove MEG 
by Zr-metal organic frameworks.

The physical properties of adsorbents (e.g., pore and 
surface structure) exhibited by BET results and SEM images 
(Fig. 1) revealed that precipitation or pore-filling would 
have largely contributed to MEG removal. Similarly, Fink 
[40] reported that ethylene glycol is a low-molecular com-
pound that would be captured via physical adsorption and 
pore diffusion. This observation could also be attributed 

to the lack of strong functional groups for MEG that might 
contribute to a stronger bonding force with biochar. The 
shift of XRD peaks (i.e., mainly  CaCO3 and  SiO2 shown in 
Fig. 1c would imply the formation of some compounds 
such as MEG-carbonate complex  (HOC2H4OCO2

−), as 
reported by Wang et al. [41].

In brief, we hypothesized that MEG removal by biochar 
might be attributed to surface adsorption, pore-filling, 
precipitation, and complexation; therefore, chemisorption 
of this compound onto biochar could be ruled out. The 
optimum condition of such an adsorption process could 
be specified at pH = 7. The eggshell-modified biochar was 
revealed to be a better adsorbent than raw sludge-derived 
biochar, which could be attributed to its enhanced porous 
structure with large surface area and numerous active 
sites.

3.7  Environmental prospects and cost estimation

This section represents the economic aspects associated 
with the adsorption of MEG onto biochar-based material, 
following the procedures reported by Mahmoud et al. [30] 
and Hamdy et al. [42]. The optimal experimental condi-
tions (pH = 7, adsorbent dosage = 2 g/L, and adsorption 
time = 60 min at 25 °C), equivalent to the highest adsorp-
tion capacities, were used for the economic evaluation.

3.7.1  Capital cost (CC)

Capital cost (CC) was used to describe the sum of money 
spent on construction materials, equipment, tools, and 
installation, spreading over the project’s lifetime. The lifes-
pan was 10 years, with an annual interest rate of 8%. CC 
was expressed as a cost per cubic meter of treated water 
(US$/m3). The construction cost was calculated from the 
capacity of the adsorption unit, as reported by Fawzy et al. 
[8] (Eq. 8).

where V is the adsorption unit capacity  (m3), Q is the 
annual wastewater discharge  (m3/year), D is the working 
days (i.e., 336 days per year), tr is the reaction time (i.e., 1 h), 
tw is the daily operating hours (i.e., 8 h/day).

The costs of construction and equipment were equivalent 
to about 28% and 45% of CC, respectively. The cost of the 
footprint (land expenses) represented 17% of CC, whereas 
5% of CC was distributed for wiring and piping. The summa-
tion of capital costs for the treatment of 1 m3 wastewater 
containing MEG was 4.80 US$ for the BC option and 6.50 US$ 
for the EMBC option. The equipment used for biochar prepa-
ration included an oven, standard sieves, muffle furnace (i.e., 

(8)V =
Q

D
×

tr

tw
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a rotary kiln would be considered for the pyrolysis process 
at a large-scale application), and a shaker. The higher CC 
of the EMBC case was due to the use of additional equip-
ment such as a stainless-steel grinder and a shaker, requir-
ing extra construction and footprint expenses. In another 
study, Hamdy et al. [42] found that the synthesis of zerova-
lent iron nanoparticles and its application for electroplating 
wastewater treatment would cost 4.45 US$/m3. Moreover, 
Nayunigari et al. [43] depicted that the total cost of scaling 
up the adsorption system (polyamine/folic acid composite 
as adsorbent) was 3.53 US$ per  m3 of wastewater contain-
ing Cr(VI). The variation in these costs could be associated 
with the local-currency pricing among countries used for 
assumptions; hence, the results in Table 1 were estimated 
with a precision of ± 15%.

3.7.2  Operating cost (OC)

The operating cost (OC) was expressed by the summation of 
prices used for reagents and chemicals, preparation of bio-
char-based sludge, energy consumption, and maintenance. 
For instance, the cost of chemicals (e.g., reagents) used for 
the adjustment of the solution’s pH was calculated by Eq. (9).

where  Costchemical is the cost of all utilized reagents (US$/
m3), Ci is the dose of each chemical (g/m3), and Pi is cost 

(9)Costchemical=
∑

(

Ci × Pi

)

for 1 g of a reagent (US$/g; e.g., 0.1 US$ for 1 kg of NaOH 
purchased from local chemical suppliers).

Similarly, the cost of adsorbents  (Costadsorbent) was esti-
mated by Eq. (9), using 0.10 and 0.15 US$/kg for BC and 
EMBC, respectively. The cost of energy  (Costenergy) was 
calculated from the amount of electricity consumed by 
the stirrer and pumps for scaling up the adsorption sys-
tem. The electricity price was 0.10 US$ per kWh, using the 
Egyptian tariff of 1.5 EGP/kWh (1 US$ = 16.16 EGP in June 
2020). Labor cost was excluded in this economic assess-
ment because adsorption is a relatively simple process 
that does not require extensive on-site monitoring or great 
experience. The maintenance cost  (Costmaintenance) was 
assumed as 2% of the annual investment cost, denoting 
the expenses necessary for equipment repair. The higher 
OC for the EMBC preparation was attributed to additional 
activities (collection, transportation, and preparation) of 
the eggshell waste (Table 1).

3.7.3  Environmental profitability

As reported by Yunus et al. [44], the annual profitability of 
an adsorption system could be associated with selling the 
adsorbent material for the removal of toxic species. Based 
on information obtained from potential customers and 
suppliers, the marketing of EMBC could be 0.33 US$/kg 
compared to 0.15 US$/kg for BC. These expenses comply 
with the common adsorbent material, viz., 0.09–0.33 US$/
kg for wood biochar, 0.60 US$/kg for zeolite, and 1.50 US$/
kg for activated carbon [21]. In addition, the adsorption 
system could be applied at a tertiary stage to avoid further 
environmental damages if contaminants are dumped in 
an unrestrained manner. The economic benefit of tertiary 
treated water by adsorption was assumed as 0.78 EGP (i.e., 
0.048 US$) per cubic meter, equivalent to benefits from 
the reuse of the tertiary treated effluent [8]. Further, the 
adsorption system was economically assessed using the 
standard criterion of the payback period, as estimated 
from dividing capital cost by net profit. The payback period 
of the EMBC option (6.79 years) was shorter than the pro-
ject lifetime (10 years), suggesting that the adsorption 
system by EMBC would gain financial profits in the long 
run. Moreover, the EMBC case attained a payback period 
shorter than the option of BC, implying that the use of 
modified biochar would require a faster length of time to 
compensate for the initial investment. The estimated pay-
back period in this study was comparable to that found 
in a study by Fawzy et al. [8], showing that 5.7 years were 
suitable to earn back the initial investment for the adsorp-
tion of  Cd2+ by agricultural wastes.

Based on the aforementioned data, the outcomes of 
this study are threefold: (1) environmental benefits via 
avoiding ecological damage from the release of toxic 

Table 1  Primary techno-economic estimation for preparation of 
biochar (BC) and eggshell-modified biochar (EMBC) adsorbents for 
treatment of 1 m3 of wastewater-containing ethylene glycol, with a 
precision of ± 15%

Item BC EMBC Unit

Item of initial investment in US$/m3

 Construction 1.34 1.82 US$/m3

 Mechanical equipment 2.16 2.93 US$/m3

 Footprint 0.82 1.11 US$/m3

 Wiring and piping 0.24 0.33 US$/m3

 Others 0.24 0.33 US$/m3

 Capital cost 4.80 6.50 US$/m3

Item of annual operation cost in US$/m3/year
 Chemical 0.22 0.34 US$/m3/year
 Adsorbent 0.20 0.30 US$/m3/year
 Energy 0.34 0.53 US$/m3/year
 Maintenance 0.10 0.15 US$/m3/year
 Running cost (US$/m3/year) 0.86 1.31 US$/m3/year

Profitability
 Benefit-cost (USD/m3/year) 1.23 2.27 US$/m3/year
 Net profit (USD/m3/year) 0.37 0.96 US$/m3/year
 Payback period (years) 12.97 6.79 Years
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pollutants (e.g., MEG) into the ecosystem, (2) waste man-
agement via preventing the disposal of sewage sludge 
(e.g., preparation of biochar adsorbent), and (3) economic 
benefit (profit) via synthesizing novel adsorbent material 
having a twofold increase in the specific surface area com-
pared to raw biochar.

Wang et al. [45] found that the combination of hydro-
thermal pretreatment with pyrolysis (HTP) would immo-
bilize heavy metals in sewage sludge-derived biochar, as 
compared with the direct pyrolysis process. Their study 
also demonstrated that the increase in pyrolysis tem-
perature could reduce the ecological risk associated with 
heavy metals in biochar prepared from the HTP process. 
Hence, the author’s future study will focus on minimizing 
the potential risk of the heavy metals and toxic elements 
that could be found in the synthesized EMBC.

4  Conclusions

Monoethylene glycol (MEG) is an essential chemical prod-
uct used in petrochemical industries; however, its pres-
ence in water bodies would cause severe environmental 
damages. Hence, this work aimed at preparing a low-cost 
and efficient adsorbent material for the removal of MEG 
pollutants from aqueous solutions. It was concluded that:

• Eggshell-modified biochar (EMBC) was adequately syn-
thesized, attaining a higher surface area of 3.95 m2/g 
than raw biochar (BC) of 2.15 m2/g.

• At adsorbent dosage = 2 g/L and Co = 100 mg/L, the 
maximum MEG removal efficiencies using BC and EMBC 
were 29.9% and 89.9%, respectively, under 25 °C within 
60 min.

• The adsorption data fitted well with the Langmuir 
isotherm model, achieving the maximum monolayer 
adsorption capacity of 12.20 mg/g.

• Based on XRD, FTIR, and SEM examinations, the 
adsorption of MEG onto biochar adsorbents could be 
described as surface adsorption, pore-filling, precipita-
tion, and complexation.

• The prepared biochar adsorbent would be used to treat 
wastewater-containing ethylene glycol, providing net 
profit values of 0.37 US$/m3/year for BC and 0.96 US$/
m3/year for EMBC.

• The payback period of the adsorption system by EMBC 
was shorter than the lifetime of the project (10 years), 
suggesting a profitability scenario.

• The EMBC case attained a payback period shorter than 
the option of BC, implying that the use of modified bio-
char would require a faster length of time to recoup its 
initial investment.

• Further studies should be performed to reduce the 
health risks associated with heavy metals that could 
be found in EMBC, and estimate the capital and opera-
tional costs for large-scale adsorption processes.
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