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ABSTRACT

This work investigates the efficacy of agricultural waste material in the removal of phenol from aque-
ous solution. Ceratophyllum demersum L. (Al-Shamplan plant) plant widespread grows in the south of
Iraqg. The influence of local ambient temperature on the releasing of phenol adsorbed from the waste
adsorbent was thoroughly investigated. A comprehensive study was conducted in a batch mode by
varying contact time, initial phenol concentration and initial pH of phenol solution. Al-Shamplan
plant showed a favorable performance as an alternative to costly adsorbent used to remove phenol
from aqueous media with a removal efficiency of 94.7%. Also, a study of the ambient temperature
effect on liberation of the adsorbed phenol from Al-Shamplan showed that leaching of phenol approx-
imately stopped after 2 d at 50°C. But, phenol leaching continued for 30 d at 20°C. The solidification
of phenol was successfully achieved and for the first time using the geopolymerization method, and
the feasibility of stabilizing phenol for environment management was demonstrated. Since the phe-
nol leaching to the environment was reduced to 50%. The experimental data are well fitted to the
Langmuir isotherm model, and the easy adsorption of phenol by Al-Shamplan plant was proved by

the Freundlich isotherm model.
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1. Introduction

Industrial processes discharge wastewaters consisting
of various types of organic pollutants and refractory com-
pounds which negatively affect the ecosystems [1,2].
Wastewaters resulting from pharmaceutical industry, resin
manufacturing, dye manufacturing, oil refineries, pesti-
cides, plasticizers, pulp and paper industry, coal conver-
sion, iron-smelting, textile mills, chemical or petrochemical
industries commonly contain high concentrations of phenol
(as a major compound) and other phenolic compounds
[3-5]. Phenols are poisonous, carcinogenic, low biodegrad-
able compounds. Their presence causes undesirable smell
and taste in drinking water even at low concentrations [6].

* Corresponding author.

Also, the presence of phenol groups affects human health,
specifically the metabolic activity such as carcinogenic-
ity, endocrine disruptors, and mutagenicity, etc. [7]. When
phenolic compounds present in aquatic life, they harm the
living organisms and rises the oxygen demand in water
sources [6,7]. Wastewater discharged from the above men-
tioned industries contains a high level of chemical oxygen
demand (COD = 10-100 g/L) expressing the content of
organic matter, or toxic contaminants. Therefore, direct bio-
logical purification processes are impractical and result in
dangerous problems in the environment [3]. Also, the too
small concentration of these compounds makes profiting
their recovery is impractical [5].
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To effectively meet the requirements of the environmen-
tal regulatory over the last two decades, different thermal,
chemical, physical, and biological pre-/post-treatment meth-
ods have been improved to eliminate polluting organics
in wastewater [3,8]. The allowable concentration of phenol
in surface waters as enforced by EPA law is only less than
1 ppb (parts per billion) [9]. The approaches implemented
for phenol removal from wastewater can be divided into
non-destructive methods including distillation, membrane
separation, extraction and adsorption; and distractive
methods including oxidation (electrochemical degradation,
advanced oxidation processes [6], photocatalysis, wet-air
oxidation [10,11]) and biological degradation processes
[12,13]. When these treatment techniques have been com-
monly practiced for the removal of organic contaminants
in industrial wastewaters, they showed inherent problems
during application [8]. For example, extraction processes
require regeneration for the subsequent solvent which
increases costs. Separation by membranes is flexible, feasible
and consumes low energy but is commonly limited by foul-
ing caused by colloids [12]. Separation processes included
within the destructive methods show effective removal of
pollutants but they associate with the non-ignorable issue
of large energy consumption [14]. Biological methods are
cost-effectively, environment-friendly technique, but they
are not efficient for non-biodegradable pollutants, toxic con-
taminants and high concentration of organic pollutants due
to biomass poisoning; and the micro-organisms require a
long residence time for pollutant degradation [3,4,15].

Adsorption emerges as a common way to remove phe-
nol and other contaminants because of its simplicity of
design and operation, low energy cost and high efficiency
[16]. Where, various materials have been widely used as
adsorbents such as activated carbon, clays, zeolites, meso-
porous aluminosilicates, straw, fly ash, automobile tires,
coal reject, palm seed coat, biosolids, pistachio nut shell ash,
sawdust and fertilizer waste [17,18]. However, adsorption
process routinely ends with spent adsorbent containing
the displaced non-destructed pollutants. The waste adsor-
bents are almost considered as hazardous materials that
require regeneration or incineration [19,20]. In some recent
studies, leaching of harmful contaminants from the spent
materials resulted from a removal process was minimized
by subjecting the spent materials to a post-treatment using
vitrification and treating with geopolymers [21,22]. The
principle of using geopolymeric reaction for immobilizing
toxic metals is reusing some waste products (such as fly ash
and kaolinite) having pozzolanic properties due to the cage
structure of geopolymer [23]. However, geopolymer has not
been used to solidify the adsorbents encompassing hazard-
ous organic wastes, so far.

Ceratophyllum demersum L. (Hornwort or Coontail) is
a submerged aquatic plant which is widely distributed all
over the world [24]. It is a rootless, floating, widely distrib-
uted, perennial plant. Ceratophyllum demersum L. quickly
cultivates in small bodies of still water, muddy, quiescent
or very slow-flowing water and channels in moderate to
tropical zones [25]. Also, Ceratophyllum demersum L. sus-
tain low light intensity, specific turbidity, but not salinity.
This plant belongs to the Ceratophyllaceae family, reproduces
by seed and stem fragmentation and grows in depth from

0.5 to 8.5 m [26]. Natural plants are useful components for
the aquatic environment because they afford nutrients and
housing for wildlife. But they can block water stream, con-
trol the work of water pumps, interpose with recreational
activities, accommodate mosquito [27]. Also, natural plants
can imbalance the oxygen level in the water environment
leading to reduce species richness and fish mortality [26].
Ceratophyllum demersum L. has a thin stem, needle-like
leaves and smooth highly branched in the upper end (up to
60 cm). The leaves containing large chloroplasts show large
mesophyll cells and respiratory cavities [24]. Therefore,
Ceratophyllum demersum L. can be used as a biofilter for dif-
ferent heavy metals such as Pb, Ni, and Cd [25]. Therefore, it
has been chosen in this study as a cheap available adsorbent
to investigate the removal of model organic contaminants
from aqueous solutions. Phenol has been chosen in this
study because it is the most common organic pollutant and
intermediates in the oxidation pathway of high molecular
weight aromatic hydrocarbons.

This work investigates the feasibility of using Al-
Shamplan plant for phenol removal from an aqueous solu-
tion at different parameters involving: contact time, initial
phenol concentration and initial pH of phenol solution.
Moreover, the effect of local ambient temperature on the
leach-ability of the trapped phenol from the adsorbent to
the environment was investigated. For the first time, the
stabilization of phenol was explored by geopolymerization.
Finally, the equilibrium isotherm models were studied to
understand the behavior and type of the adsorption process.

2. Methodology
2.1. Materials

The adsorbent (Ceratophyllum demersum L. or Al-
Shamplan plant) used for this study was collected from
marshes in the south of Iraq. Then, the plant was washed
with tap water several times to remove froths, and then
dried in the atmosphere for several days than in an oven
at 110°C for 24 h. The adsorbent was prepared as a powder
using a coffee blender and then it was stored in a desiccator.
Al-Shamplan plant was characterized using several equip-
ment’s. Atomic absorption spectrophotometer (Perkin-
Elmer 5000, UK) was used to obtain chemical analysis. The
Fourier-transform infrared spectroscopy (FTIR) (Shimadzu
IRPrestige-21, Japan) was used to identify some important
functional groups. The adsorbent spectra were measured at
wave number within the range of 400-4,000 cm™. N, adsorp-
tion-desorption isotherms (HORIBA SA-9600 Series, UK)
was used to obtain the surface area according to Brunauer—
Emmett-Teller (BET) method. The adsorption-desorption
isotherms were obtained using N, at 77 K and P/P, (0-0.3).

Phenol (99 wt.%, BDH chemicals, UK) was used to pre-
pare solutions of different concentrations. The effect of the
pH of solution on the adsorption of phenol was studied by
changing the solution’s pH using HCl (conc. 35%-38%, BDH
laboratory, US) and NaOH (NaOH pellets 99.9 wt.%, Sigma-
Aldrich, Germany). Kaolin (TurboQuant-powders, Iraq) was
used as geopolymer raw materials in this study. Sodium sil-
icate solution (0.22 wt.% Na,O and 30.3 wt.% SiO,, JIYIDA,
China) was used to prepare the activator solution.
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2.2. Experimental work
2.2.1. Adsorption experiments

All adsorption experiments were performed on a batch
scale at a room temperature of 20°C. Initially, the contact
time was investigated for an initial phenol concentration of
50 ppm and 0.5 g of Al-Shamplan plant was placed in coni-
cal flasks containing 25 mL of solutions. The pH of solutions
was initially measured to be 5.5. The flasks were shaken at a
speed of 250 rpm and samples were taken at different time
intervals, filtrated and analyzed. During studying the con-
tact time, the adsorption process continued until the time
when there is no significant change occurred in the remain-
ing phenol concentration, which indicated attaining the
equilibrium.

The second set of experiments was conducted by pre-
paring different concentrations of phenol in the range of
50-200 ppm to study the effect of initial phenol concentra-
tion and equilibrium isotherms. 0.5 g of Al-Shamplan pow-
der was placed conical flasks containing 25 mL of phenol
solution. After identifying the equilibrium time based on
the results of studying the contact time, the flasks were
shaken for 3 h at 250 rpm. The samples were taken at dif-
ferent time intervals, filtrated and analyzed for the remain-
ing concentration of phenol in the aqueous solution. Phenol
concentration was determined by measuring absorbency
at a wavelength of 270 nm using UV-Spectrophotometer
(Shimadzu UV-160A, Japan).

The amount of phenol adsorbed onto Al-Shamplan plant
at equilibrium, (9, mg/g) and the pollutant removal per-
centage (%R) were calculated according to Egs. (1) and (2),
respectively.

)

C.. -C
%R =M. 100 @)

(ph),

where C | and C . are the initial and equilibrium concen-
trations of phenol (mg/L), V is the volume of solution (L)
and w is the adsorbent weight (g).

2.2.2. Effect of temperature on the liberation of phenol

Phenol sublimates at 43.15°C, on the other hand, the
ambient temperature in Iraq often reaches about 20°C during
spring season and to about 50°C during summer season.
Therefore, the effect of temperature on the releasing of phe-
nol from the spent adsorbent to the environment at tem-
peratures close to spring and summer temperatures in Iraq
when it is disposed of without further treatment was studied.

A sample of the spent adsorbent (0.5 g), which was pre-
viously used to remove phenol with an initial concentration
of 200 ppm, was left in the environment at 20°C for 30 d to
investigate the effect of spring temperature on the releasing
of phenol trapped by the adsorbent. Moreover, a sample of
the spent adsorbent (0.5 g) was placed in water (100 mL) and
exposed to 50°C (inside an oven) for 2 d. Then, the samples

were examined by FTIR to identify the change occurring in
the functional groups present on the adsorbent surface.

2.2.3. Solidification of phenol-bearing waste

The feasibility of immobilizing the trapped phenol and
minimize its liberating to the environment was investigated
using geopolymer. The geopolymer was made based on
previous procedures mentioned in the literature [28,29].
The geopolymer raw material was activated using an alka-
line solution prepared from a homogenous mixing of 3 mL
of NaOH solution (10 M) with 0.5 ml of sodium silicate
solution. A solid combination of 0.5 g of phenol-bearing
materials and 3 g of kaolin was obtained by manual mix-
ing. Next, the combination was blended with 2.5 mL of the
activator for 15 min and then poured into a cast mold.

The curing process of samples was performed at room
temperature of 20°C for 21 d. The specimens were not dried
at a temperature above 50°C to avoid the sublimation of
phenol from the specimens. Another mixture of 25 g local
clay/1 L water was prepared to examine the leaching of
phenol to the environment. The total dissolved solids (TDS
meter, HM Digital ZT-2) and pH of the clay-water mixture
were measured. Eventually, the solidified samples and
phenol-bearing Al-Shamplan were immersed in water and
clay-water mixture at 20°C. The concentration of phenol
released to the solution was measured after 1, 7, 14, 21 and
30d.

3. Results and discussion
3.1. Characterization of adsorbent

The chemical analysis results of Al-Shamplan plant pre-
sented in Table 1 show that it contains 50.5% of carbon, then
6.3% of iron, 0.7% of nitrogen, 0.24% of phosphor, 0.33% cal-
cium and the rest is distributed between oxygen and hydro-
gen. These results indicate that the Al-Shamplan plant is
minerals-rich material, provides low surface area and thus
low porosity. And this was confirmed by the value of the
adsorbent surface area obtained as 3.7 m?/g. Comparing to
activated carbon and zeolites, Al-Shamplan plant is low sur-
face area absorbent, however, it offers low-cost separation
process and green technology which requires no preparation
or purchasing.

The important functional groups affecting the adsorp-
tion efficiency was obtained using FTIR and the results are
presented in Fig. 1. A number of absorption peaks appear
in the FTIR spectra of the fresh adsorbent which refers to
the complex nature of the adsorbent. The FTIR spectrum
showed a broad absorption peak at 3,417.86; 1,651.07;
1,435.04; 1,415.75; 1,087.85; and 1,014.56 cm™ due to the
presence of alcohol (O-H stretch), primary amines (N-H
bend), alkanes (C—H bend), aromatics (C=C stretch) aliphatic
amines (C-N stretch) and esters (C-O stretch), respectively.
The shift occurring in the absorption peaks indicates the
presence of a metal-binding process taking place on the sur-
face of the adsorbent. It can be referred to that the presence
of functional groups corresponding to carbon is due to the
fact that carbon composes 50% of the carbon composition as
shown in Table 1.
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Fig. 1. FTIR of Al-Shamplan plant before being used for adsorption of phenol.
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3.2.1. Effect of contact time @
S
The results explaining the effect of contact time on the 20
adsorption of phenol by Al-Shamplan are shown in Fig. 2.
Adsorption process by Al-Shamplan was conducted for
225 min because it showed that there was no significant 0 , . . ; . r y : .
0 50 100 150 200 250

change in the phenol remaining concentration for the last
three interval times. Fig. 2 shows that the adsorption of
phenol rapidly increased and reached equilibrium at about
180 min. Initially, the surface area of Al-Shamplan is vacant
of phenol, thus the driving force for adsorption process is
large enough for occurring a rapid uptake within the first
50 min. After that, the adsorption process becomes slower
due to reducing the concentration difference on the interfa-
cial surface of the adsorbent. Al-Shamplan removed 90% of
phenol initially entering the process which can be attributed
to the non-polar nature of phenol makes its affinity to be
adsorbed higher than its affinity to be binding with water
molecules. In comparison, Acacia tortilis pod shell removed

Time, min

Fig. 2. Effect of contact time on the phenol removal using
Al-Shamplan in term of %removal efficiency. Adsorbent dosage
of 0.5 g, solution pH of 5.5, mixing speed of 250 rpm, initial phe-
nol concentration of 50 ppm.

95% of phenol when it was used as an adsorbent to remove
phenol from an aqueous solution [30].

Fig. 3 presents the FTIR results conducted for a sam-
ple of the spent adsorbent. The spent adsorbent showed
strong and high-intensity bands corresponding to alcohol
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Fig. 3. FTIR of Al-Shamplan plant after being used for 3 h for adsorption of phenol at 20°C.

(O-H stretch) at wave number 3,460.30 cm™. Generally, the
spentadsorbent showed an obvious reduction in the strength
of absorption peaks within narrow ranges. Also, new peaks
appeared in this sample corresponding to aromatics (C=C
stretch) at 1,631.78 and 1,577.77 cm™, nitro compounds
(N-O asymmetric stretch) at 1,527.62 cm™, aromatics amines
(C-N stretch) at 1,261.45 cm™, methoxy group (asymmetric
C-O-C stretch) at 1,234.44 cm™, alcohol (C-O stretch) at
1,180.44 cm™, alkyl halides (C-F stretch) at 1,134.14 cm™,
esters (C-O stretch) at 1,026.13 and 999.13 cm™. The other
new peeks appeared after 821.69 cm™ are corresponding to
alkyl halides (C-Br stretch), (C—Cl stretch) and (C-I stretch).
However, the wave number 1,415.75 cm™, which was orig-
inally present in the fresh adsorbent, disappeared for the
spent waste.

3.2.2. Effect of initial pH of the solution

Fig. 4 presents the result of studying the influence of ini-
tial pH of phenol solution. A slight increase occurred when
pH increased from 3 to 5.5 with a removal efficiency of 93%.
Then, the adsorption rapidly dropped when the solution
pH decreased. The surface charge and ionization vary with
varying pH values. Therefore, the ability to host the adsor-
bate molecules and the uptake capacity are affected by pH
altars. Phenol has (-OH) group of negative charge and its
affinity to Al-Shamplan surface increases at acidic medium.

3.2.3. Effect of initial phenol concentrations

The behavior of Al-Shamplan plant for phenol adsorp-
tion at different initial phenol concentrations is shown in

95
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Fig. 4. Effect of initial pH on the phenol removal using Al-Sham-
plan in term of %Removal Efficiency. Adsorbent dosage of 0.5 g,
mixing speed of 250 rpm, initial phenol concentration of 50 ppm.

Fig. 5. The results show that the removal percentage obvi-
ously decreased with increasing initial phenol concentration.
This behavior can be attributed to using the same surface
area provided by the same dose of Al-Shamplan plant used
at different concentrations.

3.2.4. Equilibrium isotherms of phenol adsorption

The equilibrium isotherms of the adsorption of phe-
nol using Al-Shamplan plant was studied using Langmuir,



M.H. Alhassani et al. / Desalination and Water Treatment 187 (2020) 266-276 271

94

92

% Removal Efficiency
[+¢] =] o] [{e]
= (2] o« o
1 1 1 1

[oc]
N
1

80 K T T T ; T 1 T T T T T ?
30 60 20 120 150 180 210 240

Initial Phenol Concentration, ppm

Fig. 5. Effect of initial pH on the phenol removal using
Al-Shamplan in term of %removal efficiency. Adsorbent dosage
of 0.5 g, mixing speed of 250 rpm, initial phenol concentration
of 50 ppm.

Freundlich, and Dubinin—-Radushkevich isotherm models.
Studying the adsorption isotherms provides useful informa-
tion about the capacity of biosorbent and its feasibility for
wastewater treatment. The adsorption isotherm describes the
relation between the adsorbed phenol weight per adsorbent
weight at constant initial phenol concentration and tempera-
ture [31,32].

The Langmuir model is based on the assumption that
the uptake takes place by monolayer sorption on a homoge-
nous surface and no interaction occurs between adsorbates.
The linear form of the Langmuir model can be described by
Eq. (3) [33,34]:

C C
(), _ 1 . (b, 3)
q(ph) qu qm

]

where Dphye is the amount of phenol adsorbed at equilib-
rium (mg adsorbate/g adsorbent), g, (mg/g) is the maximum
adsorption capacity and b (L/mg) is a Langmuir constant
refers to the affinity and energy of adsorption/binding sites.
The values of g, and b can be obtained by plotting C (ph)e/q(ph)g
against C (e [35]. The slope of the straight line gives g value
and intercept of the straight line gives b value as shown in
Fig. 6. The values of 4, and b are presented in Table 2.

The Freundlich isotherm model assumes the adsorp-
tion occurs on a heterogeneous surface. The linear form of
Freundlich isotherm model is given by Eq. (4) [36,37]:

Table 2
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Fig. 6. Langmuir isotherm plot.
1
lnq(Ph)U =InK, + (njlnc(l’h)u 4)

where K, is a constant indicating the adsorption capacity
(mg adsorbate/g adsorbent) and 1/n is a constant indicat-
ing the intensity of adsorption [35]. For a given sorbate,
increasing the value of K. indicates increasing the adsorp-
tion capacity of adsorbent. The 1/n magnitude indicates the
favorability of adsorption [31]. The adsorption is perfect
when 0.5 = 1/n > 0.1, the adsorbate is easy to adsorb when
0.5 < 1/n = 1; and the adsorbate is difficult to adsorb when
1/n>1[32,38]. The Freundlich isotherm constants can be cal-
culated from plotting Inq - against InC_ . The slope of the
straight line gives 1/n value and the intercept of the straight
line gives K, value as shown in Fig. 7. The values of 1/n and K,
are presented in Table 2.

The Dubinin-Radushkevich (D-R) isotherm model
describes the adsorption process either on homogenous or
heterogeneous surfaces and deeply illustrates the adsorption
mechanism. The linear form of D-R isotherm can be shown
in Eq. (5) [39]:

Ing,, =Ing, + Be’ (5)

where g is the theoretical saturation capacity (mg/g), {3
is a constant related to the mean free energy of adsorp-
tion (mol?/kJ?); and ¢ is the Polanyi potential which can be
expressed in Eq. (6) [40]:

e= RTln(l (/¢ )) (©6)

Constant values for Langmuir, Freundlich and Dubinin—-Radushkevich isotherm models for adsorption of phenol using Al-Shamplan

Langmuir isotherm model

Freundlich isotherm model

Dubinin—-Radushkevich isotherm model

B,L/mg R?

q,, Mg/g K, mg/g 1/n

R? q,, mg/g (3, mol?/kJ? E, kJ/mol R?

15.060 0.035 0.9997 0.790 0.676

0.9934 6.976 6x10°¢ 0.289 0.9013
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where R is the gas constant (J/molK) and T is the abso-
lute temperature (K). The slope of the straight line gives
p value and intercept of the straight line gives g, value as
shown in Fig. 8. The values of § and g, are presented in
Table 2. The mean free energy of adsorption (E) is the energy
of transforming one mole of a species from infinity in the
solution to the adsorbent surface (kJ/mol) [41,42]; and it can

be calculated as shown in Eq. (7):

1
E=— 7)
J2p

Physical adsorption occurs when E value is in the
range of 1-8 kJ/mol. And the adsorption process follows by
ion-exchange when E value is in the range of 8-16 kJ/mol.
However, the adsorption process is chemisorption when
E value is in the range of 20-40 kJ/mol [31,38].

Comparison based on R? indicates that the experimental
equilibrium data of phenol adsorption using Al-Shamplan
are well fitted to the Langmuir model which postulated a
monolayer adsorption. Also, the value of 1/n was within the
range of 0.5 <1/n =1 which indicates the easy adsorption of
phenol on Al-Shamplan surface. However, to understand the
adsorption mechanism of the process, more information is
required as E value obtained was less than 1 k]J/mol. This can
indicate the adsorption of phenol is likely physical adsorp-
tion dominated by Van der Waals force.

3.3. Effect of temperature on the liberation of phenol

The adsorption results proved the successful utilization
of Al-Shamplan plant as an adsorbent to uptake phenol from
contaminated water. Samples of the spent adsorbent were
examined for liberating the trapped phenol at a local ambient
temperature of Iraq in spring and summer. Fig. 9 presents the
FTIR results conducted for a sample of the spent adsorbent
after 30 d at 20°C. In general, the FTIR of the spent adsor-
bent after 30 d at 20°C was approximately similar to the FTIR
of the fresh adsorbent which can be attributed to liberating
of the phenol adsorbed. Both wave numbers 3,417.86 and
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Fig. 8. Dubinin-Radushkevich isotherm plot.

1,014.56 cm™ which appeared in the fresh adsorbent and cor-
responding to alcohol (O-H stretch) and esters (C-O stretch),
respectively, disappeared for the spent adsorbent left at 20°C
for 30 d. The wave number 1,415.75 cm™ and other several
peaks disappeared for the spent waste and after 30 d at 20°C
which can be attributed to releasing of other species origi-
nally present in Al-Shamplan plant.

Also, the results showed strong and sharp absorption
peaks, except a very broadband corresponding to alcohol
(O-H stretch) appeared at wave number 3,398.57 cm™ which
can be relative to adsorbed phenol. The strong absorption
band observed at 2,962.66 cm™ due to the stretching vibration
of C-H (alkanes), 1,867.09 cm™ due to the C=O stretching of
carboxylic acids and 1,033.85 cm™ due to the C-N stretching
of aliphatic amines. The presence of new bands after around
563.21 cm™ confirmed the stretching vibration of C-Br deno-
tative of alkyl halides.

Table 3 presents the concentration of phenol released to
water at 50°C and the associated TDS. At 50°C, the concen-
tration of released phenol increased from 44.792 ppm after
3 h to 48.750 ppm after 1 d; and very slightly increased to
49.167 ppm after 2 d. These results were confirmed by the
almost fixed values of all TDS readings. This can be because
adsorption is an exothermic process and increasing the tem-
perature promotes phenol desorption from Al-Shamplan
surface. Also, phenol has low sublimation temperature
aids the releasing of phenol at temperature reaches 50°C.
While at 20°C, the concentration of phenol leached to water
was 7.083 ppm after 1 d, but it continuously increased to
9.458 ppm after 30 d as shown in Table 4.

FTIR was conducted for the spent adsorbent after expo-
sure to 50°C for 2 d and the results are shown in Fig. 10.
The results showed that three new peaks appeared in this
sample corresponding to alkanes (C-H symmetric and
asymmetric stretching vibration) at 2,943.37; 2,916.36; and
2,850.79 cm™. Also, two new peaks appeared at 2,511.32 and
2,380.11 em™ corresponds to alcohol (O-H stretch). The new
peaks appeared at 1,755.22; 1,647.21; 690.52; 586.36; 516.92;
462.92; and 435.91 cm™ correspond to carboxylic acid (C=O
stretching), aromatics (C=C stretch), aromatics amines (C-N
stretch), alkyl halides (C-Br stretch), (C—Cl stretch) and C-O
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Fig. 9. FTIR of the spent Al-Shamplan plant after being left at the environment temperature (20°C) for 30 d.
Table 3
TDS and Concentration of phenol released to water at 50°C
Contact time, h Phenol conc. released to water, ppm TDS, ppm
3 44.792 203
24 48.750 205
48 49.167 206

Initial TDS of water = 58 ppm, Initial pH = 6.8

Table 4
TDS and concentration of phenol released to water and clay-water mixture from waste adsorbent before and after solidification

Contact Al-Shamplan waste Al-Shamplan waste in Solidified Al-Shamplan Solidified
duration, day in water clay-water mixture in water Al-Shamplan in
clay-water mixture

Phenol TDS, Phenol TDS, Phenol TDS, Phenol TDS,

conc., ppm ppm conc., ppm ppm conc., ppm ppm conc., ppm ppm
1 7.083 88 3.363 180 1.875 65 2.500 70

8.229 96 4.442 186 3.125 74 3.750 74
14 8.813 101 6.135 197 3.125 74 3.654 75
21 9.479 104 6.750 203 3.125 74 3.654 75
30 9.458 104 6.769 204 3.125 74 3.462 75

Initial TDS of water = 58 ppm, Initial pH = 6.8
Initial TDS of clay-water mixture = 159 ppm, Initial pH = 6.8
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Fig. 10. FTIR of the spent Al-Shamplan plant after being exposed to 50°C for 2 d.

bond. However, the other main peaks appeared in the fresh
adsorbent also appeared in this sample with approximately
similar intensity.

3.4. Solidification of phenol-bearing waste

The results of solidifying the phenol-bearing adsor-
bent are shown in Table 4. A comparison between waste
samples shows that the concentration of phenol leaching
to clay-water mixture at 20°C is less than in case of water.
Solidification using geopolymer reduced the leaching rate
of phenol with a value of 64.5% after 14 d for the samples
placed in water. Also, it reduced with about 40.4% for the
samples placed in clay-water mixture. The reduction in the
TDS values were 26.7% and 52.8% for the samples placed in
water and clay-water mixture, respectively. Another com-
parison was made relative to the original values of TDS
showed that an obvious increase occurred for non-solidi-
fied waste. While, the TDS change is higher in case of the
waste placed in water. The large driving force due to the
concentration difference is the main reason behind these
results.

On the other hand, clay contains minerals which simul-
taneously move to Al-Shamplan surface due to the concen-
tration gradient and this generates a drag force to phenol
coming throughout of Al-Shamplan surface. However, the
TDS increased for solidified waste placed in water and obvi-
ously decreased for solidified waste placed in the clay-water
mixture. This can be elucidated as kaolin which was used

as a precursor for geopolymer contains alumina which traps
the suspended solids as a coagulant agent. Therefore, it can
be concluded that solidification the waste adsorbent reduces
phenol releasing to the environment and the TDS content as
well.

4. Conclusions

Al-Shamplan, an agricultural waste showed a preferable
ability for phenol removal through an inexpensive adsorp-
tion process. Since the removal efficiency of phenol obtained
using Al-Shamplan reached 93% at pH = 5.5. The adsorption
of phenol was successfully fitted to the Langmuir isotherm
model with R? = 0.9997, indicating occurring of the adsorp-
tion process on a monolayer. Also, the feasibility of the phenol
uptake was confirmed due to that the value of 1/n was within
the range of 0.5 <1/n = 1. The physical adsorption dominated
by Van der Waals force likely occurs during phenol removal.
The Solidification of the waste adsorbent has coupled actions
in the field of treatment of contaminations. This is in terms
of trapping the other suspended solid waste causing TDS
reduction and minimizing the release of adsorbed phenol to
the environment. Since the geopolymerization method sig-
nificantly reduced the leaching of phenol to 50%.
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