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a b s t r a c t
The current study was conducted to estimate and identify Fe-doped activated carbon synthesized 
from empty date palm bunch fibers that may be used for furfural efficient removal. The prepared 
adsorbent was identified by scanning electron microscopy, X-ray diffraction, and Fourier-transform 
infrared spectroscopy techniques. The capability of the modified adsorbent for furfural elimination 
in synthetic wastewater of the Al-Doura oil refinery in Baghdad city was estimated through both 
kinetic and equilibrium studies with investigating the key parameters such as adsorbent loading, 
contact time, furfural loading, initial pH, and mixing speed. Experimental results showed that after 
125 min of contact time a percentage removal efficiency of 80% and 58% with absorption capac-
ities of 27.04 and 16.80 mg·g–1 was attained by using Fe-doped activated carbon, and activated 
carbon, respectively at optimum initial pH of 6. Results showed that the pseudo-first-order fit-
ted well with the system kinetics. Moreover, the Langmuir isotherm model agreed well with the 
adsorption equilibrium system. The thermodynamic study revealed that the negative value of ΔG° 
marks the spontaneity and feasibility of the sorption operation. A regression model was developed 
for the percentage removal of furfural as a function of operating parameters with a correlation 
coefficient of 0.9875 and a standard of deviation = 1.18%.

Keywords:  Agricultural wastes; Fe-doped activated carbon; Furfural; Synthetic wastewater; Kinetic 
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1. Introduction

The existence of toxic pollutants such as solvents, hydro-
carbons, metals, and a lot of other organics set free as out-
flowing from the petroleum and petrochemical industrial 
processes is generating significant menaces to the environ-
ment. Among the numerous components existing in the 
environment, furfural is utilized in a wide range in refin-
eries and petrochemical industries, paper and pasteboard, 
and petroleum refining and is existing in their effluent water 
on the scale of 10–1,500 ppm [1,2]. Furfural is classified as 

aromatic aldehydes that are dissolvable in water and boil-
ing at 161.8°C [3]. Exposure of humans to the concentricity 
of 1–15 ppm from furfural has resulted in headaches and 
the ruddiness of the eyes. Exposure to more concentricity 
results in pulmonary edema [4]. Various techniques have 
been considered in furfural elimination like biological, 
adsorption, photocatalytic, and exacting techniques [5–7]. 
Although, the more paramount of which are biological tech-
niques and adsorption operation [8]. Published data have 
revealed that furfural biodegradation comprises both aero-
bic and anaerobic paths, which are costly. Moreover, under 
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the effect of different variables and toxicity of furfural at 
high loadings, the utilization of this technique was making 
furfural degradation more difficult [9].

Activated carbon (AC) is abundant, cheap, has a large 
surface area, is re-generable, and has large pore capacity, and 
thus has shared immense, implementations [10]. However, 
commercial-AC has been showing expensive. So, there is 
a continuous search for an economical and accessible sub-
stance that may be instead of the commercially obtainable 
AC. On the other hand, AC can be gained widely from sub-
stances like agricultural wastes [11]. Enormous numbers of 
fruitful palm-dates trees are implanting in Iraq. Although, 
the remnant of the palm tree, particularly, the empty date 
palm bunch (EDB) has still not been entirely used. Abid et 
al. [12] investigated experimentally the production of glu-
cose from the Iraqi EDB. Additionally, there are quite finite 
published data that have been done on the effectiveness 
of AC synthesized from Iraqi EDB fibers. The literature 
reported that AC materials enriched with various shapes of 
Fe2O3 or Fe(OH)2 may display high capability for the elim-
ination of many pollutants from wastewater [13–15]. Wang 
et al. [16] studied the adsorption mechanism of phosphate 
on iron-doped activated carbon. The authors suggested 
that the phosphate-carbon reaction could be dominated by 
a chemical adsorption mechanism through electro-static 
adsorption in the outer layer and chemical bond force in the 
inner layer. The authors revealed that AC/O-Fe has a higher 
phosphate removal capacity than AC-Fe, which could be 
attributed to its higher affinity toward phosphate probably 
due to the existence of the above-mentioned interactions. 
Moreover, the adsorption process was complex; chemical 
adsorption, surface mass transfer, and intraparticle diffu-
sion were simultaneously occurring during the process and 
contribute to the adsorption mechanism.

Chatla et al. [17] studied the removal of Pb2+ ions by 
5 wt.% Fe-doped AC. The authors reported that the pro-
cess of Pb2+ ions removal was found as endothermic and 
spontaneous process as confirmed by the analysis of ther-
modynamic adsorption parameters. They revealed that 
both chemical and physical mechanisms participated in 
the adsorption process including electrostatic interactions, 
complexation, ion exchange and surface adsorption.

Soudani et al. [18] studied the synthesis of biochar from 
oak fruit shells using one-step pyrolysis at 700°C. The pre-
pared biochar was used to remove Cu2+, Cd2+, and Zn2+ in 
an aqueous solution. The authors reported that the adsorp-
tion equilibrium metal ions onto biochar were reached after 
4 h of contact time with a removal efficiency of 95.29%, 
94.63%, and 82.99% for Cu2+, Zn2+, and Cd2+, respectively. 
Praveen et al. [19] presented an overview of biochar syn-
thesis and application for the removal of dyes in contami-
nated water. Their review integrates the recent works of 
literature to understand the biosorption behavior of dyes 
onto biochar-based biosorbents. The authors have broadly 
reviewed the factors influencing the biosorption process 
and the mechanisms describing the biosorption behaviors 
of the biochar. The current study was devoted to estimat-
ing and identifying Fe-doped AC prepared from Iraqi EDB 
that may be used for furfural efficient elimination. The pre-
pared adsorbent was identified by scanning electron micros-
copy (SEM), X-ray diffraction (XRD), and Fourier-transform 

infrared spectroscopy (FTIR) techniques. The capability 
of the improved adsorbent for furfural elimination in syn-
thetic wastewater of the Al-Doura petroleum refinery in 
Baghdad was estimated through kinetic, thermodynamic, 
and equilibrium studies with investigating the key param-
eters such as adsorbent loading, temperature, contact time, 
furfural loading, initial pH, and mixing speed. A regression 
model would be developed for the percentage removal of 
furfural experimentally obtained as a function of operating  
parameters.

2. Material and methods

2.1. Materials

Anhydrous ferrous sulfate (FeSO4) powder (purity > 98%) 
was supplied by Jinan ZZ International, China. HCl (36%) 
and H2SO4 (98%), and NaOH flakes (purity > 98%) were pur-
chased from Merck Inc. (Germany). (NaHCO3) white pow-
der (brand food grade > 99%) was purchased from Weifang 
Haizhiyuan Chemistry and Industry, China. Deionized 
water (DW) was obtained from the local market.

2.1. Methods

2.2.1. Adsorbent synthesis

The EDB fibers were scrubbed with boiling distilled 
water (DW) to eliminate impurities and dehydrated in an 
oven at 75°C for 10 h. The dehydrated fibers were crushed 
utilizing a ball mill (Model: TOB-DSP-LBPBM05A, China) to 
an extent ≤0.1 mm, and then scrubbed with a 0.5 M hydro-
chloric acid solution to eliminate salts presented in its pores. 
Then, the smashed fibers were frequently scrubbed with the 
DW to eliminate acidic remnants till the filtered water was 
transparent. The solid sample was dehydrated at 105°C for 
24 h to vaporize organic impurities and then treated with 
2 M sulfuric acid for 3 h at the ambient conditions. Then 
the solid precipitate was fully scrubbed by DW to eliminate 
the remnant acid absorbed. Within 10 h the solid was cured 
with 1 wt.% aqueous sodium bicarbonate. The solid was 
scrubbed with DW again till neutralization was done. The 
solid was placed in an N2 purging oven (Model: K-4RS-NP, 
from Keen Ovens, USA) at 450°C. The calcined sample was 
chilled to ambient temperature and scrubbed with DW, then 
dehydrated for 2 h at 110°C. The prepared AC was stored 
in a sealed can for analysis. 0.1 mol·L–1 FeSO4 solution was 
made, afterward, 10 g of the synthesized AC was added to 
200 mL of this solution. The mixture was stirred at 500 rpm 
using a hotplate magnetic stirrer for 1 h at 50°C. At mix-
ing, a 2 M of caustic soda solution was put on till a pH of 
11 was obtained. Finally, the mixture was cooled to ambi-
ent temperature for 12 h. The precipitate was filtered and 
scrubbed frequently with DW.

2.2.2. Characterization of adsorbent

Energy-dispersive X-ray spectroscopy (EDX) images 
were conducted for samples of fine particles utilizing a 
Shimadzu XRD-6000 powder diffractometer with Cu-Ka 
radiation (k = 1.5418 Å), (40 kV, 30 mA) over the 2θ scan 
of 10°–80°. The surface functional groups were predicted 
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by FTIR spectrophotometer (NICOLET, Nexus 870 FTIR, 
USA) with a wavenumber scan rate extended from 600 to 
3,500 cm–1, utilizing beads of KBr including about 0.5% 
finely crushed dehydrated adsorbents. The surface mor-
phology of AC was examined with SEM (Shimadzu SSX-550  
instrument).

2.2.3. Furfural concentration monitoring

The percentage degradation (%R) of furfural was 
calculated by Eq. (1):

Percentage degradation %R
C C t
C

i

i

� � � � � �
�100  (1)

where Ci and C(t) are the furfural initial and instantaneous 
concentrations in (ppm), respectively. A series of furfural 
concentrations of 1, 2, 4, 6, 8, and 10 ppm are used to gener-
ate a calibration plot, as shown in Fig. S1, with a correlation 
coefficient of 0.992 and a standard error of 0.485, by utiliz-
ing a UV-Vis spectrophotometer (1100 UV-Vis spectropho-
tometer, China) at the wavelength of 287 nm.

The maximum adsorption capacity of Fe/AC was eval-
uated by carrying out adsorption runs. Various loadings 
(10, 20, 40, 60, and 75 mg·L–1) of an aqueous solution of 
furfural in demineralized water were made. Then 100 mL 
of each concentration is put into a 250 mL flask inde-
pendently with 1 g of Fe/AC adsorbent and mixed by a 

magnetic stirrer for 2 h. The adsorbed mass of furfural at 
equilibrium, (mg·g–1) was evaluated by Eq. (2).

q
C C V
We

i�
�� �ie  (2)

where Ci and Cie: furfural loading at initial and at its corre-
sponding equilibrium (mg·L–1), respectively, V: volume of the 
liquid phase utilized, and W: adsorbent quantity utilized (g).

2.2.4. Experimental design

The arrangement of experiments was planned by uti-
lizing the factorial method in the present work, due to 
its accuracy [20]. Table 1 records the process variables (F) 
with their levels (L).

3. Results and discussion

3.1. Identification of the synthesized adsorbent

3.1.1. EDX analysis

Surface chemistry is the key variable for estimating 
the adsorption capability of AC; the synthesized AC has 
an elevated percentage of carbon and a lower percentage 
of oxygen. Fig. 1a depicts that the natural AC synthesized 
from the Iraqi EDB containing 60.3% wt. C, 24.6% wt. O, 
2% wt. S. Additionally, the EDX spectrum of AC depicts an 

Table 1
Factors and their levels selected for the present study

Level pH Furfural conc. (mg·L–1) Mixing time (min) Adsorbent loading (g·L–1) Mixing speed (rpm)

1 4 5 30 0.5 100
2 6 10 60 1.0 200
3 8 15 90 1.5 300
4 10 20 120 2.0

(a) (b)

Fig. 1. Energy-dispersive X-ray spectra of (a) natural activated carbon from Iraqi empty date palm bunch and (b) Fe-doping 
activated carbon.
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extra crest that could be specified to silicon that could have 
formed by a plant origin. After treating with Fe solution 
(Fig. 1b), the content was 44.2% wt. C, 30.9% wt. O, 16.2% 
wt. Fe, and 1.2% wt. Si. These values reveal the effective 
Fe deposition onto AC particles and almost perfect oxidiz-
ing of Fe ions to Fe oxides. This outcome also detected that 
C and O participate largely in the elemental content of all 
biomasses, which is due to the organic nature of lignocel-
lulosic remnants. Lodeiro et al. [21] found that adsorbents 
doped with metal have the capacity to join with many 
types of chemical groups like carboxyl, hydroxyl, ketone, 
etc. Their harmony for bonding counts on parameters such 
as the number of active sites, their approachability, chemi-
cal structure, and the harmony between connected sites  
and other ions.

3.1.2. FTIR analysis

The FTIR image of the synthesized AC before being 
impregnated with Fe is seen in Fig. 2a. The image depicts 4 
main sorption ranges at 2,890–3,490 cm–1, 1,290–1,748 cm–1, 
950–1,249 cm–1, and 448–749 cm–1. A wideband with the high-
est peak is observed at 2,917 cm–1. The band at 3,350 cm–1 is 
attributed to the sorption of H2O droplets as the outcome of 
an O–H stretching band of OH collections and soaking H2O, 
whereas the band at 2,917 cm–1 is due to C–H interrelation 
on the AC surface. In the extent 1,290–1,748 cm–1, amides can 
be recognized on the AC which has a pair of crests between 
1,729 and 1,369 cm–1. These functional collections were gained 

through the stimulation operation as an outcome of the exis-
tence of NH3 and primary amines that are commonly pre-
sented in the sediment. Additionally, the region at 1,520 cm–1 
could be due to the aromatic C–C stretching vibration. The 
pair of crests at 1,130–1,148 cm–1 produces the imprint of 
this AC. The squeaky sorption band at 1,130 cm–1 is due to 
either Si–O [22] or C–O stretching in OH collections [23,24]. 
The band at 1,148 cm–1 can also be combined with ether C–O 
symmetric and asymmetric stretching vibration (–C–O–C– 
ring) [25]. This band could also be due to the antisymmetric 
Si–O–Si stretching band as an outcome of presenting Al2O3 
and SiO2 comprising metals within the sediments [26]. The 
crest at 678 cm–1 is due to the plane of the C–H bending 
band. Also, these spectra were also proposed to be attributed 
to alkaline collections of cyclic ketones and their deriv-
atives appended through the stimulation process [23,27].

On the other hand, for the Fe/AC images (Fig. 2b), the 
peak at 2,350 cm–1 is due to aromatic –C–C. The powerful 
–C–O band at 932 cm–1 is attributed to the –OCH3 groups 
specified by the existence of the lignin collection in the EDB 
fiber which is the distinctive peak of polysaccharides. The 
band at 1,558 cm–1 in Fe/AC may be attributed to asym-
metric stretching of the –C–O bond, stretching of aromatic 
–C–C bond, or attributed to amide stretching. In Fe/AC, 
the sorption crest at 3,347 cm–1 may be due to –NH/–OH 
stretching denoting the presence of free and intermolecular 
bonded OH groups attributed to alcoholic or phenolic func-
tions and an amine group. Additionally, Fig. 3b shows dif-
ferent peaks at 1,560 and 453 cm–1 that could be caused by 

(a)

(b)

Fig. 2. Fourier-transform infrared spectra of (a) activated carbon before doping and (b) Fe/AC after doping with Fe.



53L.H. Mahmood et al. / Desalination and Water Treatment 296 (2023) 49–59

the vibration mode of C=C bonding in activated carbon [28] 
and Fe–C bond, respectively [29].

3.2. Adsorption capacity

Fig. 3 illustrates the experimental outcomes of the 
adsorbed furfural at equilibrium on Fe/AC. Results 
observed in Fig. 4 evidence the high adsorption perfor-
mance of the prepared Fe/AC and its ability to remove mol-
ecules from polluted water streams with equal efficiency. 
Furthermore, these high capacities prove that adsorp-
tion is not restricted to the narrow microporosity of the 
activated carbon but involves the entire pore system.

3.3. Effect of operating variables on adsorption efficiency

3.3.1. Influence of pH

Fig. 4 illustrates the variation of furfural percent-
age removal (%R) against pH at (Ci = 10 mg·L–1) with AC 
and Fe/AC, respectively over a pH extent of 2 to 11. Fig. 4 
shows that pH = 6 is optimum for the sorption of furfural 
over both AC and Fe/AC. Moreover, Fig. 4 depicts that as 
pH varied from 2 to 6 the %R increased from 47% to 78% 
for Fe/AC and from 39% to 63% for AC. However, differ-
ent behavior was observed when pH increased from 6 to 11, 
the furfural removal decreased from 78% to 68% for Fe/AC, 
and 63% to 52% for AC. Results of Fig. 4 revealed that the 
AC doped with Fe made an average percentage removal 

of furfural of 14% more than that of AC. This behavior can 
be explained from the van der Waals forces point of view. 
At pH < pHpzc, the Fe/AC had a positive charge, and at 
pH > pHpzc, it had a negative charge. As a result, in solu-
tions with a pH < 6.0, the adsorbent particles had a positive 
charge at their surface, while the furfural molecules were 
negatively charged. As the pH reduces, due to the increas-
ing of the (+H) ions in the solution, the formation of an elec-
trostatic attraction between the (+H) ion and the furfural 
molecules increases that eventually increasing the adsorp-
tion rate as well. On the other hand, adsorbent particles 
had a negative charge due to pH > 6.0, so the anionic fur-
fural and the adsorbent repelled. The present results agree 
with previous published data of [30,31], and [5]. Moreover, 
it can be deduced that pH impacts the framework stabil-
ity of furfural and, subsequently its loading. These results 
confirmed that the furfural solution is stabilized at pH = 6, 
and the solution turns unstable if pH is either raised or 
reduced. Parpot et al. [32] reported that furfural can be 
turned into furfurylic alcohol or oxidized into furoic acid:

3.3.2. Effect of adsorbent dosage

Fig. 5 depicts the influence of contact time on the removal 
of furfural at different loadings (m) of Fe/AC. As can be seen 
in Fig. 5, the increase in adsorbent quantity, mostly, enhances 
the adsorption because of the larger surface area and hav-
ing more active sites ready for adsorption. It can be shown 
that at each adsorbent loading the trend of furfural removal 
rate increases rapidly at the first 20 min of operation then it 
becomes slower as the work goes on. This may be attributed 
to the active sites which become continuously occupied 
by furfural molecules with operating time. Moreover, the 
experimental results revealed that as m ≥ 1.5 g·L–1, the 
removal competence was nearly steady, suggesting an opti-
mum value of 1.5 g·L–1 for adsorbent loading with keep-
ing other operating parameters unchanged. The adsorbent 
surface becomes saturated with furfural for m < 1.5 g·L–1, 
and the residual concentration in the solution is large.

3.4. Adsorption isotherm models

3.4.1. Langmuir isotherm

The creation of monolayer adsorption with equal heat 
of adsorption on the surface is assumed in this model [33]. 
Eq. (3) represents Langmuir isotherm [34],
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Fig. 3. Plot of furfural adsorption at equilibrium on Fe/AC 
sample (30°C, Ci = 10–75 mg·L–1, and 125 min).
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Fig. 4. Variation of furfural removal against pH at 
(Ci = 10 mg·L–1, t = 125 min, and adsorbent loading of 1.5 g·L–1).
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q
C q b
bCe
e m

e

�
� 1

 (3)

where qm is the Langmuir constant associated with adsorp-
tion capacity (mg·g–1), b: constant refers to the adsorption 
energy (L·mg–1). The slope of the linear plot of Ce/qe vs. Ce 
may be used to determine the constants qm and b from Eq. (3).

3.4.2. Freundlich isotherm

The surface energy is defined by using the equation 
provided by [35]:

ln ln lnq K
n

Ce f e� �
1  (4)

where Kf is a constant related to the sorbet’s adsorption 
capacity, and n is the adsorption intensity based on n’s value 
poor adsorption, moderate adsorption, and good adsorp-
tion are observed when the value of n < 1, n = 1–2, and 
n = 2–10, respectively [36].

3.4.3. Temkin isotherm

Temkin’s isotherm model may be represented in a 
linearized form as [37]:

q b K B Ce t e� �ln ln  (5)

where Kt: the maximum binding energy is represented 
by the equilibrium binding constant (L·g–1), B = RT/b is the 
Temkin constant (J·kJ–1), b: is the adsorption heat (kJ·mol–1), 
R: is the universal gas constant (8.314 J·mol–1·K–1), and 
T: is the absolute temperature (K).

3.5. Adsorption equilibrium study

The Langmuir and Freundlich equations are widely 
used for isotherm modeling. The isotherm constants for the 
isotherms studied, and the correlation coefficient (R2) are 
cited in Table 2. The R2 values for the Langmuir isotherm 
are closer to unity in comparison to the values obtained 
for the other two isotherms. As can be observed from 
Table 2, Langmuir is the best-fit isotherm equation for the 
adsorption of furfural on Fe/AC at all temperatures.

Fig. 6 presents how well the three isotherms fit the data 
for the furfural-Fe/AC system. The data in Table 2 also indi-
cate that the values of qm and Kf decreased with an increase 
in temperature confirming the exothermic nature of the 
overall sorption process for furfural-Fe/AC system. Since 
n > 1, furfural is favorably adsorbed by the Fe/AC at all tem-
peratures. The Kf value can be taken as a relative indicator 
of the adsorption capacity of Fe/AC for a narrow subregion 
having equally distributed energy sites for the sorption of 
furfural. The magnitude of Kf also showed a lower uptake 
of furfural at higher temperatures indicating the exo-
thermic nature of the adsorption process.

3.6. Adsorption kinetics

3.6.1. First-order kinetic

The pseudo-first-order kinetic model was used to ana-
lyze the kinetic data. The model’s linear form is provided 
in Eq. (6) [38,39]:

log log
.

q q q
K

te t e�� � � � 1

2 303
 (6)

where qe is the amount of sulfur adsorbed at equilibrium 
(mg·g–1), qt is the amount of sulfur absorbed over time 
(mg·g–1), and K1 is the constant equilibrium rate of the pseu-
do-first-order model (min–1). The slope and intercept of the 
linear plot may be used to calculate the rate constant K1, the 
adsorbed quantity at equilibrium (qe), and the values of R2.

3.6.2. Second-order kinetic

The pseudo-second-order kinetic interaction is repre-
sented in Eq. (7) [40]:

t
q K q qt e e

� �
1 1

2
2  (7)

Table 2
Isotherm parameters for the removal of furfural by Fe/AC 
(t = 100 min, Ci = 0–10 mg·L–1, m = 1.5 g·L–1)

Langmuir

T (K) b (L·mg–1) qm (mg·g–1) R2

298 22.18 0.053 0.999
303 21.63 0.051 0.987
308 20.04 0.045 0.999

Freundlich Kf [(mg·g–1)((L·mg–1)1/n)] n–1 R2

298 4.05 0.283 0.976
303 4.00 0.281 0.964
308 3.90 0.277 0.977

Temkin Kt (L·mg–1) B (kJ·mol–1) R2

298 0.79 3.82 0.937
303 0.61 3.92 0.912
308 0.63 3.66 0.951
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Fig. 6. Comparing of various isotherm models for the adsorp-
tion of furfural onto Fe/AC at 308 K.
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where K2 is rate constant of the pseudo-second-order for 
sorption (g·mg–1·min–1). (t/qt) was plotted against the time 
to obtain K2 and qe for the pseudo-second-order kinetic  
model.

3.6.3. Intraparticle diffusion

The possibility of intraparticle diffusion is represented 
by this model, as seen in Eq. (8) [41]:

q K t It p� �0 5.  (8)

where Kp denotes the constant intraparticle diffusion rate 
(mg·g–1·min–0.5) and I denotes the constant intraparticle 
diffusion.

Pseudo-first-order, pseudo-second-order, and intra-
particle models were used to fit the adsorbent, and the 
results are listed in Table 3. The fit achieved by the pseu-
do-first-order model of kinetic adsorption is shown in 
Fig. 7a. As can be observed, the R2 = 0.9602, indicates that 

the pseudo-first-order model fits well with the experi-
mental kinetic data.

The plot of the pseudo-second-order model, which 
gave R2 = 0.8339, is shown in Fig. 7b; this value is low when 
compared to the pseudo-first-order model. This confirms 
that the adsorption kinetics don’t really fit the adsorbent’s 
experimental kinetic data.

Table 3
Parameters of kinetic models

Pseudo-first-order
R2 K1 qe (mg·g–1)
0.9602 0.0001 5.3817

Pseudo-second-order
R2 K2 qe (mg·g–1)
0.8339 0.0007 9.98

Intraparticle diffusion

Characteristics of the overall intraparticle diffusion
R2 Ki C (mg·g–1)
0.8788 0.029 1.0313

Kinetics for different sections of the intraparticle diffusion
Section 1 Section 2

R2
1 Ki1 C1 (mg·g–1) R2

2 Ki2 C2 (mg·g–1)
0.943 0.0607 0.02 0.903 0.0157 3.02

y = 0.1002x + 14.698
R² = 0.8339
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Fig. 7. (a) Pseudo-first-order, (b) pseudo-second-order, and (c) intraparticle diffusion kinetic models).

Table 4
Thermodynamics parameters for the adsorption of furfural 
by Fe/AC (t = 2 h, Ci = 10–80 mg·L–1)

Temperature 
(K)

Β × 10–3 
(L·kg–1)

ΔG° 
(kJ·mol–1)

ΔH° 
(kJ·mol–1)

ΔS° 
(J·mol–1·K–1)

298 1.062 –17.263

–13.24 13.5
303 0.860 –17.021
308 0.745 –16.934
313 0.686 –16.995
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Table 5
Design of experiments with the experimental results of the furfural percentage removal

A: pH B: initial conc. C: mixing time D: adsorbent loading E: mixing speed Percentage furfural removal 
(experimental results)(mg·L–1) (min) (g·L–1) (rpm)

4 15 30 0.5 100 30
4 5 30 0.5 300 34
10 15 90 0.5 100 50
4 5 90 1.5 300 44
10 5 30 1.5 300 60
7 10 60 1 200 57
7 10 60 1.5 200 73
7 10 60 1 200 54
7 10 60 1 200 55.6
10 15 30 0.5 300 51.8
10 5 90 0.5 300 56
4 5 30 0.5 100 32
4 15 30 1.5 100 43
10 10 60 1 200 49
10 15 90 1.5 100 54
4 15 90 1.5 300 47
7 10 60 1 200 53
10 5 30 0.5 100 52
4 5 90 1.5 100 44
4 5 90 0.5 100 29
7 5 60 1 200 57
4 15 30 0.5 300 34
10 15 90 1.5 300 55
7 10 60 1 200 53
4 5 90 0.5 300 33.6
4 15 90 0.5 300 29
4 15 30 1.5 300 47
10 5 30 0.5 300 57
10 15 30 0.5 100 50
7 10 60 1 100 56
7 10 90 1 200 52.5
7 10 60 1 200 57
7 10 60 1 200 53
4 5 30 1.5 100 43
7 10 30 1 200 50
10 5 90 1.5 100 58
4 10 60 1 200 35
10 5 90 0.5 100 54
4 15 90 1.5 100 46
4 5 30 1.5 300 48
7 10 60 1 300 59.7
10 15 90 0.5 300 53
7 10 60 1 200 57
10 5 90 1.5 300 61
10 15 30 1.5 100 55
10 5 30 1.5 100 54.7
4 15 90 0.5 100 31
7 10 60 0.5 200 64
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In Fig. 7c, the plot of the intraparticle diffusion model 
is presented; two sections are apparent, each indicating 
distinct adsorption behavior. As seen in the first linear sec-
tion, the adsorption capacity varies rapidly over time until 
it achieves equilibrium. This implies that the control step 
may be the diffusion of the boundary layer. Experimental 
data points were the horizontal line in the second section, 
indicating that equilibrium was attained and that intra-
particle diffusion was taking place. The values of K1 and 
K2 are presented in Table 3. Moreover, kinetics for dif-
ferent sections of the intraparticle diffusion has been also 
calculated, and listed in Table 3.

3.7. Thermodynamic study

Thermodynamic parameters like enthalpy (ΔH°, 
kJ·mol–1), standard entropy (ΔS°, kJ·mol–1·K–1), and changes 
in the Gibb’s free energy (ΔG°, kJ·mol–1) were evaluated to 
test the sorption operation by utilizing Eqs. (9)–(12) [42,43].

� �
�C C
C
i ie

ie

 (9)

ln� � � �
�

�� �H
RT

S
R

 (10)

�G RT� � � ln�  (11)

� � �G H T S� � � � �  (12)

where β is the equilibrium constant, R (=8.134 J·mol–1·K–1), 
and T (K) is the absolute temperature. Plotting of (lnβ vs. 
1/T) represents a straight line; amounts of ΔH° and ΔS° 
were obtained from the inclination and the line intercept, 
respectively.

The ΔG of the sorption operation is linked to the equi-
librium parameter β by the van’t Hoff equation [Eq. (4)]. 
Moreover, ΔG is also related to the ΔS and ΔH to obtain:
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RT
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RT
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R

 (13)

The positive value of ΔS° indicates an excess in the 
grade of freedom of the adsorbed species. Table 4 lists the 
thermodynamics parameters for the sorption of furfural 
by Fe/AC. The negative ΔH° value assures the exothermic 
sate of the total-sorption operation. The heat of sorption 
amounts between 0–20 kJ·mol–1 is commonly presumed to 
point out the physical state of sorption. For furfural sorp-
tion over Fe/AC, the value of ΔH° was –13.24 kJ·mol–1. It is 
clear from the relatively low value of ΔH° that the phys-
io-sorption principally participates in the sorption oper-
ation. The sign of ΔG° values was negative revealing the 
spontaneity and feasibility of the sorption operation.

3.8. Regression model

Table 5 lists the values of the operating parameters 
of each experiment with the corresponding percentage 
removal of furfural experimentally obtained.

Values listed in Table 5 have been used to explore the 
association between the furfural removal efficiency (R%) 

and the process variables. Based on the regression analy-
sis technique, using the least squares approach utilizing 
MINITAB software, Eq. (13) below reveals the objective 
function (i.e., adsorption efficiency) as a function of operat-
ing parameters with a correlation coefficient (R2) of 0.9875 
and standard of deviation = 1.18%:

RT
           

% . . . . . .� � � � � � �

�

45 51 27 61 1 58 75 52 0 0144 1 643 2A B D E A
00 00615 46 87 0 0564 1 6522 2. . . .C D AB AD� � �

  
 
 (14)

where A, B, C, D, and E refer to initial pH, initial furfu-
ral concentration (mg·L–1), mixing time (min), adsorbent 
loading (g·L–1), and mixing speed (rpm), respectively.

A positive sign in the preceding equation implies that 
increasing the value of the variable leads to an increase in 
furfural removal. Concurrently, the negative sign depicts 
that the value of the variable results in a decrease in fur-
fural removal. The interaction effect is represented by two 
variables, whereas the square effect is represented by the 
second-order term of the variables. The response sur-
face method was applied to define the significant factors 
that affect the adsorption process. It was found that the 
effects of five variables take the following sequence:

pH > initial concentration > adsorbent dose > mixing 
time > mixing speed.

4. Conclusion

In the current study, EDB fibers have been used as a 
precursor to synthesize an activated carbon and Fe-doped 
activated carbon (Fe/AC) for furfural removal from syn-
thetic wastewater discharged from the Al-Doura refin-
ery in Baghdad. Moreover, Fe-doped activated carbon 
(Fe/AC) was also prepared. Different key parameters such 
as adsorbent loading, contact time, furfural loading, ini-
tial pH, and mixing speed were used to investigate their 
effects on the effectiveness of AC and Fe/AC for furfural 
removal. SEM, XRD, and FTIR techniques confirmed the 
efficient preparation process of adsorbents. Experimental 
results showed that after 125 min. of contact time a per-
centage removal efficiency of 80% and 58% with absorp-
tion capacities of 27.04 and 16.80 mg·g–1 was attained by 
using Fe/AC, and AC, respectively at optimum initial pH 
of 6. Results showed that the pseudo-first-order fitted well 
with the system kinetics. Moreover, the Langmuir isotherm 
model agreed well with the adsorption equilibrium system. 
For furfural adsorption over Fe/AC at 298 K, the values of 
ΔG°, ΔH°, and ΔS° were –17.263, –13.24, and 16.3 kJ·mol–1, 
respectively. Results of the thermodynamic parameters (i.e., 
ΔG°, ΔH°, and ΔS°) revealed that the process was sponta-
neous, exothermic, and with an increase in the degree 
of freedom of the adsorbed species at the liquid–solid 
interface during the sorption operation.
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