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ABSTRACT

In this paper, a continuous adsorption of 3,4-Dihydroxybenzoic acid (3,4-DHBA) has been studied by
using goethite modified natural sand (GMNS) as adsorbent in a fixed-bed column. Scanning electron
microscopy coupled with energy-dispersive X-ray analysis, X-ray diffraction and Fourier transform
infrared spectroscopy (FTIR), characterized the GMNS surface. The effect of various experimental
parameters including pH (5 and 9), flow rate (1, 2, and 3 mL/min) and initial 3,4-DHBA concentration
(15, 40 and 60 mg/L) on the transport and adsorption of 3,4-DHBA onto the column were investigated
in detail. The obtained result shows that exhaustion time decreased with increasing initial 3,4-DHBA
concentration, flow rate and pH. The highest value of adsorbed amount g = 35.66 mg/Kg was obtained
from injection of 60 mg/L of initial 3,4-DHBA concentration solution with flow rate, Q = 1 mL/min,
at pH = 5 in column packed with GMNS. The Thomas and Yoon-Nelson models were applied to
describe the breakthrough curves of adsorption of 3,4-DHBA onto GMNS solid. The linear regression
analysis demonstrated that the Yoon—-Nelson model fitted well with the column adsorption data for
3,4-DHBA. In addition, adsorption mechanism was proposed based on the results FTIR before and
after adsorption. The GMNS adsorbent can be regenerated for three adsorption—desorption cycles
using sodium hydroxide solution.

Keywords: 3,4-DHBA adsorption; Goethite modified natural sand; Column fixed-bed; Transport;

Modeling

1. Introduction

3,4 dihydroxybenzoic acid (3,4-DHBA) is a phenolic
compound containing both -COOH and —-OH groups; it has
been considered as a model molecule of natural organic mat-
ter (NOM) [1-5]. On the other hand, 3,4-DHBA is used in the
pharmaceutical, cosmetics, rubber, oil industries, and food
industries [6-8]; it is present in the wastewater discharged as
industrial effluents [7,9,10]. The presence of 3,4-DHBA in the
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water causes problems such as color, taste, and odor. Besides,
3,4-DHBA can react with the added chlorine during disinfec-
tion and produce harmful organic compounds such as halo
acetic acids and chloroform, which can cause liver, kidney
or central nervous system problems [11-15]. Thus, 3,4-DHBA
has strong complexation ability with divalent and triva-
lent metal ions in aqueous media and thus increases their
transportation in waters and natural environments [16,17].
Additionally, 3,4-DHBA causes an increase in the chemical
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oxygen demand in water and leads to a series of environ-
mental problems [7,10]. The maximum level of 3,4-DHBA
permitted in drinking water by environmental organiza-
tions in Canada, USA and European Economic Community
are 2 pg/L [3,18]. For all these reasons, it is important to use
removal methods of these compounds from water. Several
techniques have been used to remove the phenolic acids
from the water such as electrochemical oxidation [19], mem-
brane filtration [20-22], photocatalysis [3,23,24], and coag-
ulation-flocculation [25-27]. However, these techniques
generate a large amount of sludge and they are high-cost
and are not always adaptable as regards the efficiency of the
elimination of the NOM of low molecular weight [7,13,28,29].
The adsorption process has been proven as a good technique
for organic matter removal from aqueous solutions, and it is
advantageous over other methods, due to its low-cost, easy
separation in the treated water, economy, and simplicity
[13,15,30-33].

A wide range of solid materials have been used to remove
phenolic acids and NOM from water, including bio adsor-
bent [10,13,34], modified clay [35,36], graphite oxide [37]
and activated carbon [12,14,38,39]. Among them, fresh acti-
vated carbon adsorption is one of the best materials utilized
for the removal of NOM from aqueous solutions. However,
this adsorbent is expensive, which makes it uses difficult for
wastewater treatment, especially in developing countries. The
goethite is a great adsorbent for the removal of organic matter
of water due to its low operating cost and higher adsorption
efficiency [33,40,41]. However, it is difficult to pack goethite
nanoparticles in a fixed-bed column because it is hard to
separate for regenerating and easy to be washed away [42].
The idea behind this work is to use goethite nanoparticle as
a large adsorbent to remove organic matter from water in
continuous systems (column adsorption). Nevertheless, it is
difficult to condition the goethite nanoparticle in a fixed-bed
column. For this, a support material is necessary to immo-
bilize goethite in a fixed-bed test. Natural sand (NS) is an
excellent choice for its low-cost, chemical stability and avail-
ability [43]. The goethite modified natural sand (GMNS) is
an innovative tool to avoid the problem of using powdered
goethite in continuous water treatment processes [44,45]. To
date, no systematic studies were carried out to investigate the
application of goethite coating on the sand surface for remov-
ing 3,4-DHBA from water in a fixed-bed test. In this study,
GMNS prepared was used as an adsorbent for the removal

Table 1
3,4-DHBA properties [4]
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of 3,4-DHBA fixed-bed experiments. Experimental factors
such as pH, initial concentration and flow rate were inves-
tigated. The breakthrough curves for the transport of 3,4-
DHBA were analyzed using two different models, Thomas
and Yoon-Nelson models. The application of these semi-em-
pirical models is to determine the adsorbed quantity of 3,4-
DHBA in the goethite coated quartz sand column.

2. Materials and methods
2.1. Reagents

3,4-DHBA (Data are shown in Table 1) and sodium chlo-
ride (NaCl) were purchased by Sigma-Aldrich (France). The
natural sand NS (grain size range = 50-350 pm) provided by
‘quartz Alsace” company (France) and was used as a natural
adsorbent in our previous studies [15,32,46]. The goethite
nanoparticles employed in this work were purchased from
BASF Company (Germany).

2.2. Preparation of adsorbent

In this present work, the adsorbent GMNS was prepared
by the heterogeneous suspension reaction method where the
goethite nanoparticles were mixed with the natural sand.
Several authors [47-50] have described this method. Briefly,
the natural sand quartz with a grain size range of 50-350 pm
was cleaned with 1 M HCl for 24 h and then rinsed by deion-
ized water to eliminate chemical impurities. The GMNS was
obtained by shaking a suspension containing 25 g of goethite
and 1,000 g of natural sand. Then, the mixture was agitated
for 24 h at temperature 60°C. Finally, the modified sand by
goethite was washed with deionized water until the runoff
was clear, and then it was dried for 24 h. Fig. 1 summarizes
the GMNS preparation steps.

2.3. Characterization

The GMNS were characterized by X-ray diffraction
(XRD) using a Bruker AXS D-8 diffractometer using Cu-Ka
radiation in Bragg-Brentano geometry (q—2q) (Bruker AXS
GmbH Germany). The samples of GMNS before and after
adsorption were characterized by Fourier transform infra-
red spectroscopy (FTIR) in the range of 4,000-400 cm™ using
an ABB Bomem FTLA 2000 spectrometer (Canada) with
16 cm™ resolution. Scanning electron microscopy (SEM)

Full name Chemical formula Chemical structure  Molecular weight (g/mol) pK, ~ Solubility (g/L) A__ (nm)
3,4, Dihydroxybenzoic o OH 4.22
Acid \C -~ 8.67
CH.O, 154.11 20 260
OH

OH
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Fig. 1. GMNS preparation steps.

micrographs were obtained on a FEI FEG 450 scanning elec-
tronic microscope (Mascir Laboratory, Morocco) at 120 kV.
The elemental composition of the sample was confirmed by
energy-dispersive X-ray analysis (EDAX).

2.4. Experimental device

The experimental device and the adsorption experi-
ments used in this work were described in detail in our pre-
vious publication [5,15,46]. Briefly, dry GMNS (73 g) was
packed into glass column made of Altuglas (internal diam-
eter = 2.4 cm; bed length = 9.8 cm; density = of 1.64 g/cm’).
The pore volume was between 17,5 and 19,5 mL. The poros-
ity varied from 0.36 to 0.38 and the Peclet number remained
always higher than 162.

The 3,4-DHBA concentration in the effluent was analyzed
by a UV/visible spectrophotometer (Shimadzu UV-1800,
Japan) at wavelength, A =260 nm. Also, the ionic strength of
the 3,4-DHBA solutions was fixed by NaCl at 0.01 M, and this
value corresponds to the ionic strength of the contaminated
aquifers [51]. The initial pH of the solution was adjusted by
0.1 M NaOH or HCl solutions, and pH measurements were
managed by using a pH meter (Model HANNA 210).

The adsorbed (M_, ) 3,4-DHBA mass at the mineral-water
interface was determined by using Eq. (1): [47].

(M3,4DHBA )ads = z,-((cu - Ci)Vi —Cin) (1)

C, is the initial concentration of organic compounds injected,
C, and V; are respectively the concentration and the volume
of the fraction i, collected at the outlet of the column; V is the
total volume of pores. Practically, the mass balances were cal-
culated as the difference between the breakthrough data of
the conservative tracer KI and 3,4 DHBA for each experiment
and both the adsorption fronts.

The adsorbed amount of the column was evaluated using
the following Eq. (2):

(mgicg) - ZAC—E ) @

m

where m (Kg) is the mass of adsorbent in the column.
Transport and adsorption experiments, the influence of
pH (pH =5 and pH=9) flow rate Q (Q=1, 2, and 3 mL/min),

initial 3,4 DHBA concentration (C, = 15, 30 and 60 mg/L)
on the adsorption of 3,4-DHBA onto column GMNS column
were investigated by comparing the breakthrough curves.
It should be emphasized that in all column experiments,
the breakthrough curves are obtained by plotting (C/C) vs.
time (#).

3. Results and discussion
3.1. Characterization of GMNS

3.1.1. Scanning electron microscopy - energy-dispersive
X-ray analysis

The SEM images of GMNS (Figs. 2a and b) show that the
sand surface is not completely covered by the goethite parti-
cles. A few goethite particles are deposited on the sand surface
in agglomerate form, which gives the surface non-uniform
splicing. Besides, Fig. 2b shows typical acicular needle-
shaped deposed particles specific to formed the goethite.

The EDAX analyses for GMNS (Fig. 2c) confirm the depo-
sition of goethite by the presence of Fe peaks at the surface
of goethite coated quartz sand. The EDAX spectrum also
showed the presence of other major elements (silicon Si, and
oxygen O).

3.1.2. XRD of GMNS

The XRD pattern of Goethite, GMNS, and NS are shown
in Fig. 3. The XRD pattern of GMNS consists essentially of
quartz SiO, and Goethite. The values of 20 values = 20.99°,
26.77° and 50.45° correspond to the diffraction of quartz
SiO, (JCPDS-No. 89-1961) and the peaks at 20 values 21.27,
36.71 and 55.12 were ascribed to the diffraction of goethite
(JCPDS - No0.29-0713).

3.1.3. Fourier transform infrared spectroscopy

The surface functional groups of GMNS and NS were
determined by FTIR. The FTIR absorption spectrum is shown
in Fig. 4.

The FTIR spectrum of the GMNS and NS exhibited sim-
ilar bands:

e The band at 1,629 and ~3,400 cm™ corresponds to phy-
sisorbed water.



442 H. Ouachtak et al. / Desalination and Water Treatment 194 (2020) 439449

MAG: 2199x  HV: 20 kW

10.00 kv mm | 46.8um | 4

cpsfeV
] 11130]
as C
3 Element Mass |36} Avom [3)
q Carbon (C) 401 730
3.0 Oxygen (O} 4439 6058
] Aluminium (A1) 153
] silicon [ si) 2615 2268
= ron (Fe} 2092 5.18
] 100,00 100,00
20 :
s Fe
13
1.0 :
o5
o0 L 1 L] L] L] T
2 3 a s & T
Energy [keV]

Fig. 2. (a and b) SEM images of GMNS and (c) EDAX analyzes of GMNS.
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Fig. 3. XRD spectra of Goethite, NS, and GMNS.

e 470 and 800 cm™ characteristics bands vibrations of the
silica.

e Bandsat 1,088 and 1,863 cm™ are attributed to the Si—-O-Si
siloxane bond vibrations.

For the GMNS the characteristic bands at 1,382, 908
and 782 cm™ assigned to the goethite bending vibration
in a-FeOOH. In effect, the 908 cm™ band is ascribed to
Fe-O-H stretching vibrations of goethite [47,52-54].

3.2. Adsorption of 3,4 DHBA onto GMNS in a fixed-bed column

The breakthrough curves obtained are analyzed accord-
ing to the previous study [55,56]. The breakthrough time (t,)
and exhaustion time (t) are referred to the times at which
the effluent concentration of 3,4 DHBA (C) reaches about
5%, 99%, respectively, of the influent concentration (C,).

3.2.1. Effect of pH

The breakthrough curves for the 3,4 DHBA retention at
two values pHs (pH =5 and pH = 9) by the GMNS are pre-
sented in Fig. 5 the initial concentration of an organic mole-
cule, ionic strength and the flow rate were fixed at constant
values ([3,4 DHBA] = 15 mg/L, Q = 1 mL/min, [ = 102> M in
NaCl).

The clear observation of Fig. 5 suggests that when the
pH value increases from pH =5 to pH =9, the breakthrough
time (t,) and the exhaustion time (f) decreased from 93 to
38 min and 263 to 153 min, respectively. These results show
that the pH of the aqueous phase affects the adsorption of
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Fig. 4. FTIR of NS and GMNS.

3,4 DHBA through a column of GMNS. In fact, the estimated
mass balance (Table 2) shows that the adsorbed 3,4 DHBA
amount decreases from 24.31 to 10.20 mg/kg when the pH
increases from 5 to 9. This behavior can be explained based
on the interaction mechanism occurring between 3,4 DHBA
molecule and GMNS surface.

At pH = 5, the surface of the GMNS is positively
charged since it has an isoelectric point at pH of about 5.7 [5].
Further, the 3,4-DHBA molecule is negatively charged due to
the deprotonation of the carboxylic group of the 3,4-DHBA
(pH > pK, (COOH) = 4.22) [57], so the electrostatic attrac-
tion occurs between the opposite charges of the adsorbent
and the molecule, explaining hence the strong adsorption at
this pH.

At pH =9, (pH > pKa (-OH) and pH > IEP ), both the
3,4-DHBA molecule and the functional group’s surface are
charged negatively causing electrostatic repulsion between
them. This limits the attachment of the 3,4-DHBA by GMNS
surface, therefore the decrease in the amount adsorbed at
basic pH. Similar results reported by Hanna et al. [58] about
the adsorption of salicylic acid on natural soil.

3.2.2. Effect of initial 3,4-DHBA Concentration

The effect of initial concentration of 3,4-DHBA on their
transport and adsorption by a fixed-bed column containing
GMNS was examined at three 3,4-DHBA concentrations viz.
15, 40 and 60 mg/L while the other parameters were kept
constant at pH =5, Q = 1 mL/min, ionic strength I = 102 M.
Thus, the breakthrough curves obtained at different con-
centrations 15, 40 and 60 mg/L are represented in Fig. 6. It
is clear from the figure that as inlet 3,4-DHBA concentra-
tion increased from 15 to 60 mg/L, both breakthrough and
exhaustion times decreased from 93 to 53 min and from 263
to 115 min respectively. This may be explained by the quick
saturation of the surface reactive sites at a high 3,4-DHBA
inlet concentration that led to a leading to earlier the break-
through and exhaustion times [59,60]. This result can be
explained by the fact that a higher 3,4-DHBA inlet concen-
tration leads to an earlier saturation of the surface reactive
sites.

The results of the calculated mass balance are summa-
rized in Table 2. This Table shows that an increase in the
influence of 3,4-DHBA concentration from 15 to 60 mg/L.
The adsorbed amount of 3,4-DHBA was found to increase
from 24.31 to 35.66 mg/Kg. This can be attributed to the
higher 3,4-DHBA molecule that can be available at higher
concentrations, leading to a concentration gradient driv-
ing force increasing. Hence, the diffusion of the 3,4-DHBA
molecules in solution towards the surface of the adsorbent
increased which favorites the increase of the adsorption
capacity [60,61]

3.2.3. Influence of the flow rate

To investigate the effect of flow rate on the performance
of the bed column for the removal of 3,4-DHBA, the experi-
ments were conducted at flow rates 1, 2, and 3 mL/min while
keeping the influence of 3,4-DHBA concentration at 15 mg/L
and pH = 5. The breakthrough curves are shown in Fig. 7. The
mass balance and results from the curves are listed in Table
2. It is observed that the breakthrough time (t,), exhaustion
time (t) and the retention capacity decreased while the flow
rate increased.

This result may be explained as following: at lower flow
rate, 3,4-DHBA solution gets sufficient time for the intrapar-
ticle diffusion and mass transfer towards the GMNS surface,
which increases the adsorption capacity of the column. On
the contrary, at a high flow rate, the 3,4-DHBA would leave
the column before the adsorption equilibrium is reached,
which leads to a decrease in the efficiency of the column
to eliminate 3,4-DHBA. Other researchers [5,46,60,62] have
found a similar tendency.

3.2.4. Regeneration of GMNS column

The GMNS column regeneration by desorption of the
3,4-DHBA adsorbed is important for industrial applica-
tions due to the reduction of the process costs [55]. After
adsorption of 3,4-DHBA onto GMNS column (pH = 5;
[3,4-DHBA] = 15 mg/L and Flow rate = 1 mL/min),
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Fig. 5. Breakthrough curve of 3,4-DHBA adsorption onto GMNS
in fixed-bed column at pH =5 and 9. (Flow velocity = 1 mL/min,
[3,4-DHBA] =15 mg/L; I =10 M NaCl).
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Table 2

Adsorption data for a fixed-bed column for the adsorption of 3,4-DHBA at different process parameters

Initial concentration (mg/L) Flow rate (mL/min) pH t, (min)* t, (min)" q (mg/kg)
15 1 5 93 263 2431

15 1 9 38 153 10.20

15 1 5 93 263 24.31

40 1 5 60 171 30.18

60 1 5 53 106 35.66

15 1 5 93 263 24.31

15 2 5 70 200 16.9

15 3 5 45 149 11.1

°t,, breakthrough time, ’t, exhaustion time (t ), and ‘g (mg/kg), amount adsorbed
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Fig. 6. Breakthrough curve of 3,4-DHBA adsorption onto GMNS
in a fixed-bed column at different influent concentrations. (Flow
velocity =1 mL/min; pH =5; [ =102 M).

desorption was carried with NaOH solution 0.01 M at a
flow rate of 1 mL/min. Then, the GMNS column was rinsed
with distilled water to remove NaOH and the regenerated
column was used for the next cycle of adsorption. This
cycle of adsorption-regeneration was realized for three
times. The breakthrough curves obtained for the first, sec-
ond and third regeneration of the 3,4-DHBA are presented
in Fig. 8.

From this figure, the removal capacity of 3,4-DHBA
slightly decrease at 96% for the first cycle, 91% for the
second cycle and reached 83% after three consecutive of
adsorption-regeneration cycle. These results show that
GMNS can be used repeatedly with a slight decrease of
some adsorption capacity for removal of 3,4-DHBA from
solution.

3.3. Mathematical models

To describe the adsorption and transport process of
organic solute in a fixed-bed column, several mathematical
models can be used. In this study, two models are used such
as the Yoon-Nelson and Thomas models.

3.3.1. Thomas model

The Thomas model is widely used to estimate the max-
imum adsorption capacity of an adsorbent, assuming the
second-order reversible reaction kinetics and the Langmuir
isotherm. [63].

The linearized form of the Thomas model can be
expressed as Eq. (3):

ln(CO
C

t

Th™~0

- 1} = Fndn 3)
Q

where C, (mg/L) is the initial concentration of 3,4-DHBA,
C, (mg/L) is the outlet concentration of 3,4-DHBA at a
time (min). In Eq (3) k;,, (mL/min mg) is the Thomas rate
constant, g, is the 3,4-DHBA (mg/g) adsorbed amount of
Thomas mode, m is the mass of adsorbent (g) and Q is the
flow rate of solution (mL/min). The values of Thomas rate
constant k., and adsorbed amount of Thomas model g,, can
be determined from the linear plot of In[(C /C)-1] against .

The experimental breakthrough curves for 3,4-DHBA
were fitted to the Thomas model at C/C, ratios higher than
0.08 and lower than 0.97 [64] for flow rate and initials 3,4-
DHBA concentrations. The linear plots of the Thomas model
are presented in Fig. 9, the values of k, 4., and the correla-
tion coefficients R? calculated from the Thomas model are
listed in . The analysis of this table shows the values of g,
increases with the increasing of initial 3,4-DHBA concen-
tration, but values of k, decreased. This can be explained
to the driving force between the 3,4-DHBA concentra-
tion on the adsorbent and the 3,4-DHBA in the solution
[60,64,65]. Also, the Thomas rate constant, k;, and maxi-
mum adsorption capacity, g,, are dependent on flow rate.
In effect, the increase in the flow rate from 1 to 3 ml/min
results increasing of k, from 29.10* to 34.10™* ml/min mg.
However, although the adsorbed amount experimental and
calculated g, and g, correlated weaker, the values of cor-
relation coefficients R* were acceptable and ranging from
0.95 to 0.96.

3.3.2. Yoon—Nelson model

Yoon-Nelson model is a simple theoretical model
based on the theory of adsorption and the breakthrough of
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adsorbate probability [66]. This model is straightforward and
involves less column parameters and data, and is applicable
for a single component system [65,66].
The Yoon-Nelson equation, a linearized model for a
single component system is expressed as Eq. (4):
C

t

C

0 “t

In = kot —thyy

)

where k  (min™) is the rate constant, T (min) is the time
required for 50% adsorbate breakthrough. A linear plot of
In[C/(C,~C)] vs. time (t) determined values of T and k, from
the intercept and slope of the plot (Fig. 10). The values of k,
and t were at different flow rates (1, 2 and 3 mL/min) varied
at different initial concentrations of 3,4-DHBA (15, 40 and
60 mg/L) summarized in Table 3. From this Table, the rate
constant of Yoon-Nelson model k, increased from 41.10* to

Tracer
@~ Q=1mlL/min
@~ Q=2mlL/min
---@--- Q=3 mL/min

300
t (min)

Fig. 7. Breakthrough curve of 3,4-DHBA adsorption onto GMNS
in a fixed-bed column at different influent concentrations.
([3,4-DHBA] =15 mg/L; pH =5; =102 M.
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52.10* min~ when the flow rate increases from 1 to 3 mL/min,
while the time at which 50% adsorbed T was decreased
from 151 to 53 min. These results can be explained by the
insufficient residence time that is, 3,4-DHBA quickly flow
through the column which would be consequently, the
time for the intraparticle diffusion of 3,4-DHBA towards
the surface of GMNS which is not sufficient. On the other
hand, when increasing initial 3,4-DHBA concentration (15 to
60 mg/L) the values of k, increased proportionally from
41.10* to 62.10* min™ and led to drastic declines of t values
from 151 to 40 min due to the adsorption sites being occu-
pied earlier by 3,4-DHBA molecules [67]. The data in Table 3
also indicate that values of t calculated are close to the exper-
imental results T, .

It appears that Yoon-Nelson model is more appropriate
to predict that the performance of 3,4-DHBA adsorption, by
GMNS column fixed-bed. Similar observations have been
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Fig. 8. Breakthrough curve for adsorption 3,4-DHBA during
three adsorption-regeneration cycles. ([3,4-DHBA] = 15 mg/L;
Flow velocity = 1 mL/min; pH = 5).
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Fig. 9. The linear fitting of In((C/C)-1) against t of Thomson model for 3,4-DHBA at pH = 5. (a) Effect of initial concentration and (b)

Effect of flow rate.
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reported in the literature. For example, Nazari et al. [60],
have also found that Yoon-Nelson model is suitable for pre-
dicting the uptake capacity of cephalexin antibiotic adsorp-
tion by a column packed with walnut shell-based activated
carbon.

3.4. The mechanism of 3,4-DHBA adsorption onto GMNS surface

Fig. 11 reports the FTIR of the GMNS before and after
adsorption of 3,4-DHBA. Further, by comparing FTIR
spectra, news peaks were observed after the adsorption of
3,4-DHBA on the GMNS, occurring at 1,313 em™ which is due
to C-O stretching of benzene ring [68,69], and also occurring
at the bands 1,419 and 1,620 cm™ which are due to vibra-
tions of the aromatic ring C-C, and C=C aromatic groups,
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respectively, [68-70]. This appearance of the new peaks gives
direct proof of the attachment of the 3,4-DHBA to the sur-
face of the adsorbent. Also, a new peak appears at 1,539 cm™
due to the carboxylic acid functional group (-COO) [69]. The
appearance of the band characteristic of the -COO functional
group in the FTIR spectrum after adsorption suggests that
this group is not involved in the adsorption of 3,4-DHBA
onto the GMNS surface. The absence of the characteristics
peaks of the phenolic groups (-OH) indicates that the
adsorption of 3,4-DHBA on the surface can be achieved
through two adjacent OH groups by ligand exchange mecha-
nism [70], or by the formation of the hydrogen bond between
these groups and the active sites of the surface. A similar
case has been reported for the adsorption of phenolic acid
(3,4,5-Trihydroxybenzoic acid) on titanium dioxide TiO,: the
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Fig. 10. The linear fitting of In[C/(C,-C)] against t of Yoon-Nelson model for 3,4-DHBA at pH = 5. (a) Effect of initial concentration

and (b) Effect of flow rate.

Table 3

Parameters predicted by the Yoon-Nelson model, and Thomson model at different flow rates and initial concentrations

Thomas model

C, (mg/L) pH Q (mL/min) k., (mL/min mg) x 10~ G, (mg/kg) q,, (mg/kg) R?
15 5 1 29 30.8 24.3 0.95
15 5 2 32 22.3 16.9 0.96
15 5 3 34 16.79 11.1 0.96
15 5 1 29.1 30.8 24.3 0.95
40 5 1 13.7 38.39 30.18 0.95
60 5 1 11.6 39.54 35.6 0.96
Yoon—-Nelson model
C, (mg/L) pH Q (mL/min) k. (min™) x 10~ T (min) Top (min) R?

1 41 151 144 0.98
15 5 2 50 109 109.9 0.98

3 52 53 64 0.97
15 41 151 144 0.98
40 5 1 49 67 78 0.98
60 62 40 62 0.98
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Fig. 12. Proposed adsorption mechanism.
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Fig. 11. FTIR spectra of GMNS after and before 3,4-DHBA
adsorption

interaction with the surface takes place through hydroxyls
groups —OH, and the band of carboxylate group is free and
appears to FTIR of TiO, after adsorption of phenolic acid [2].
Fig. 12 shows the proposed model of 3,4-DHBA adsorption
onto GMNS.

4. Conclusion

In this work, natural sand modified with goethite was
prepared by direct contact technique. The modified goethite
natural sand obtained has been used for removal of the
3,4-DHBA in a fixed-bed column at different experimen-
tal conditions. The experimental results show that the pH,
the flow rate and the initial 3,4-DHBA concentration, affect

447
0. o
\C/
i Hydrogen bond
OH
OH -
= OH
OH
Fe
e
Goethite
O o © © © © o o
‘ Sand Quartz ‘

the fixed-bed column performance. The breakthrough time
t, exhaustion time ¢, and amount adsorbed of the fixed-bed
column decreased on increasing the rate flow and pH, but
the adsorbed amount increasing with increasing of initial
3,4-DHBA concentration. Mathematical models of Thomas
and Yoon-Nelson for the breakthrough curves were applied.
Yoon-Nelson model best fitted the experimental data with
correlation coefficient R? range (0.97-0.98). The FTIR results
before and after adsorption show that the adsorption of
3,4-DHBA onto the natural sand coated with goethite can be
achieved through the hydroxyl groups ~OH of the molecule
and the active sites of the surface. Thus, GMNS can be used
as a promising adsorbent for treatment contaminated water
the 3,4-DHBA because of its convenience preparation by
naturally available minerals.
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