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ABSTRACT

In the wastewater treatment process, fixed-bed and packed bed studies on adsorption have become
a popular technical application in industrial sector. In this work, the potential of activated carbon
produced from black gram husk (BGH) for the removal of aqueous phenol in a fixed column was
investigated. The study of breakthrough time and adsorption capacity augmented with an increase
in bed height and minimized with an increase in rate of flow, initial concentration of phenol, and
size of the particle. At best conditions of 10 cm height of bed, 100 mg/L as initial phenol concentra-
tion, 10 mL/min as flow rate and 300 um is particle size and the breakthrough-curve of the lesser
rate of flow (10 mL/min) increases sharply near the point of exhaustion, signifying that the zone
of adsorption was squatter. The best rate of flow should not be greater than 10 mL/min. since the
bed depth studied up to 14 cm, the minimum depth (D_, ) was found to be 4 cm for a rate of flow
of 10 mL/min. The time of breakthrough (T,) vs bed depth [D] for bed depth service time plots
were developed, and their comparisons of linear relationship were obtained with all correlation R*
above 0.94. The capacity of adsorption (N ) of BGH was considered to be 68.59 and 53.4 mg/cm?
by using the rate of flow of 10 and 20 mL/min but N, was sharply decreased to 30.57 mg/cm® with
the rate of flow of 30 mL/min. The surface physical morphology of the adsorbents studied and the
effect of adsorption, as explored by scanning electron microscopy micrographs showed increase
in un-evenness of textures. In conclusion, our study has demonstrated that BGH can be utilized
for successful removal of phenol from aqueous solutions. It was also shown that the modelling
approach has a substantial impact on the outcome of dynamic adsorption system analysis.
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1. Introduction

Phenol can be found in wastewater from a variety of
chemical industries, including petrochemicals, paints, coal,
oil refineries, leather, and medicines [1-5]. It can also be
found in a variety of agricultural and household waste-
waters [6-8]. Because of its toxicity, phenol is a serious
contaminant. Even at low concentrations, it can induce a
variety of ailments depending on the length of exposure [9].

* Corresponding author.

It may come into contact with humans through mouthwash,
creams, and other products. Due to various herbicides that
influence the soil and groundwater, phenol is also present
in agricultural run-off. Phenol lowers the porosity of soil,
which affects seed germination. Because of seepage through
the soil, it pollutes groundwater [10,11]. The Environmental
Protection Agency (EPA) prohibits surface discharges
with more than 1 part per million of phenol [12].
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Several methods for treating phenol-containing waste-
water have been developed, including flocculation, oxi-
dation, extraction, adsorption, reverse osmosis, enzyme
degradation, ion exchange, and so on [13,14]. Adsorption
has numerous benefits [15]. Activated carbon is a com-
mon adsorbent, but it is expensive [16,17]. In this regard,
the production of activated carbon from renewable, read-
ily available, and low-cost materials has been scrutinized
[18]. Many scientists are now looking for alternative adsor-
bents in agricultural and industrial waste [19-23]. The
detailed studies of phenol adsorption by various authors
has presented in Table 1. The authors have carried out
extensive study on various agro wastes and explored
their adsorption capacities, kinetic and thermodynamic
behavior [37].

Batch adsorption techniques may not be the most prac-
tical way to cope with high flow rates on an industrial
scale. The adsorption process in a fixed-bed column study
describes various advantages. First of all, it is continuous,
and the adsorbent is continuously in contact with the adsor-
bate. Secondly it is low cost, simple and it can be devel-
oped for an industrial application. The main disadvantages
are that there will be few separate routes can be formed
in the column, which will enforce the short circuiting and
hence the system of adsorption being irregular and bumpy
so that design parameters may vary, which may affect the
adsorption process. The adsorption process in a fixed-bed
column system can be described by the numerical model
[38], Artificial intelligence [39] and empirical models [40].

In this study, the efficacy of black gram husk (BGH) agro-
waste in a continuous fixed-bed column for phenol removal
was evaluated from various perspectives. This study also
investigated significant commercial application difficulties

such adsorbent regeneration, safe disposal of used adsor-
bents, and scale-up design. Mitra and Das [41], Mitra et al.
[42], Singha et al. [43], Nag et al. [44-46], Banerjee et al.
[47], Ghosh et al. [48], Mousumi et al. [49] have reported
similar findings for metal and organic removal from aque-
ous solution.

The removal of organic material from aqueous solu-
tions has been investigated using a variety of adsorbents.
Activated carbon made from sawdust of Tectona grandis
[50,51], activated carbon prepared from biomass material
[52], coconut shell [53], rice husk and rice husk ash [54]
has been proven to be effective at adsorbing organic com-
pounds in studies. To goal of these investigations will
aid in the acceptability of this research for a variety of
industrial applications.

2. Methodology
2.1. Preparation of adsorbents

The proposed adsorbent (BGH) was rinsed thoroughly
with water for the removal of dust and other soluble mate-
rial and were kept to room temperature for drying. The
dried agro-wastes were crumpled into fine powder and
sieved through the standard sieves manually. The parti-
cles of LS. sieve size 150-300 1 were collected, oven-dried
(overnight, 105°C) desiccated and stored in air-tight con-
tainers for further studies [55].

2.2. Adsorbate for study

The analytical reagent (AR) grade phenol (C,H,OH)
(Supplied by Ranbaxy Laboratories Ltd., India) was

Table 1
Detailed studies of phenol adsorption by various authors
S. No Name of phenolic Adsorbent Adsorption capacity References
compound (mg/g)

1 Phenol Activated carbon 140-256 [24]
Apricot stone shell AC 120 [25]
Tea leaves AC 438 [26]
Bentonite 1.71 [27]
Sawdust 146.25 [28]
Fly ash 0.23-67 [29]

2 p-chlorophenol Activated carbon 434 [30]
Bentonite 10.63 [31]
Perlite 5.84 [31]

3 2,4-dichlorophenol Apricot stone shell AC 595 [25]
Bituminous shale 4.2 [32]

4 2,3,4-trichlorophenol Activated carbon 500 [33]

5 m-cresol Apricot stone shell 113 [25]
Fly ash 5.5 [34]

6 o-cresol Palm seed coat 19.58 [35]
Fly ash 3.1-4.7 [34]

7 Pyrogallol, pyrocatechol Chemically treated sawdust 28-52
Iron hydroxide coated marble 9-10 (36]
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utilized to prepare synthetic adsorbate solutions of vari-
ous initial concentrations (C ) in the choice of 10-100 mg/L.
The necessary quantity of phenol was correctly weighed
and mixed in distilled water phase-wise so as to made-up
to 1 L in a measuring jar for further studies. The fresh
phenol solution was prepared daily and preserved in a
dark-coloured glass vessel of 5 L capacity, to avoid pho-
to-oxidation. The initial concentration (C ) was determined
before the start of every experimental study. All experi-
ments were carried out at least in duplicate.

2.3. Column studies

A column made up of glass with 30 cm length and
internal diameter of 2.50 cm was used to contain the agro-
based adsorbent as a fixed-bed adsorber. The column
bed was maintained and closed by glass beads and glass
wool, which confirm the flow of good liquid distribution.
Then, distilled water was used to rinse the bed with and
kept overnight to confirm a carefully filled preparation
of particles without channels, voids, or cracks. The phe-
nol solution was fed through a bed of agro-based packed
adsorbent in the direction of up-flow to avoid channeling
of the prepared solution. A pump with peristaltic princi-
ple was used to regulate the rate of flow at the entry and
exit. The experimental samples of the solution were col-
lected regularly and examined for the residual concen-
tration of phenol (C) by using UV spectrophotometer.
Therefore, the anticipated breakthrough for solution con-
centration (C,) was evaluated at 10% of the entry feeder
concentration (100 mg/L), which is proportionally equal
to 0.1 C/C, or 10 mg/L. The continuous flow through the
prepared column was sustained until the concentration of
phenol from column exit approached to 0.9 C/C, which
specified as the exhaustion point (C ). Now a curve was
drawn between C/C, vs. treated volume between the
C,and C, is called the breakthrough-curve.

2.4. Experimental studies on flow rate variable and bed depth

At three different flow rates of 10, 20, and 30 mL/min,
the effects of flow rate and bed depth on column bed per-
formance were examined at a constant bed depth. For
studies, bed depths of 7, 10, and 14 cm were maintained.
The standard column study parameter bed depth ser-
vice time (BDST) curves were plotted between T, and bed
depth after the volume of breakthrough (V,) and time
of breakthrough (T,) were determined (D). The relation-
ship between T, and D is given in the following equation

using the Bohart—-Adams model [56].

- _ND_ 1 1S )
CV KC, |\C,

The straight-line equation of BDST curve is expressed
as y = mx + ¢; where y = service time, x = bed depth,
m = slope, and c = ordinate intercept. The value of the slope

m =N /CV and the intercept ¢ = _—1 In g—1 .
7o KC, C,

The system capacity of adsorption, N, and the rate con-
stant, K, can be estimated from the slope of straight line
and intercept of the straight line, respectively. The D__,
minimum bed depth can be estimated from the relation-
ship by considering T, = 0 and explaining for D [56].

2.5. Influence of rate of flow on breakthrough curve

The rate of flow determined by a standard param-
eter, the empty bed contact time (EBCT) in the given
column study, which influence the volume of bed to break-
through and the shape of breakthrough curve. The EBCT is
calculated as:

. 3
EBCT in min Bed volume in cm )

3

. cm
Flow rate in

min

3. Fourier-transform infrared spectroscopy analysis

Alkanes, alkanols, alkyls, carboxylic acids, ethers,
nitro compounds, and esters were detected in agro-waste
activated carbon by Fourier-transform infrared spectros-
copy (FTIR) analysis, while scanning electron microscopy
(SEM) images confirmed the presence of interspatial holes
within the matrix of the supplied adsorbent. Aside from
porosity, the adsorption behaviour of activated carbon is
influenced by the reactivity of chemical surfaces, particu-
larly in the form of chemisorbed oxygen in various forms
of functional groups. Both acidic and basic properties are
present in surface oxides [57]. IR analysis enables for spec-
trophotometric monitoring of the adsorbent surface in
the 400-4,000 cm™ range, as well as direct identification
of organic functional groups on the surface. An examina-
tion of the adsorbent surface before and after the adsorp-
tion reaction may reveal surface groups involved in the
adsorption process, as well as the external spot(s) where
adsorption may occur. Infrared studies reveal that specific
functional groups participate in adsorption interactions.

3.1. SEM analysis

The SEM was a widely used essential tool for mate-
rial classification ranging from nanometer to microme-
ter scale [58]. The surface structures are replicated in the
image from SEM analysis. SEM explanations of various
agricultural material samples obtained using a KYKY-2800
scanning electron microscope (CCM, Sherbrooke. Canada).

4. Results and discussion
4.1. Studies on designed column

In this study, Figs. 1-3 show the effect of selected three
different flow rates on the study of breakthrough-curves
by maintaining a bed depth of (a) 7 cm (b) 10 cm and
(c) 14 cm, respectively. During the process, when the zone
of adsorption moves up and the higher edge of this area
spreads the top of the column, then the concentration
of effluent starts to increase rapidly [59]. This point of



S. Vedartham et al. / Desalination and Water Treatment 269 (2022) 132-140 135

1 - —
| 1
0.8 - A
SR = > ——10 ml/min
0.4 - —#-20 ml/min
02 A ——30 ml/min
——10% break thro
0 HH T T T T 1
0 200 400 600 800 1000

Vb in ml

Fig. 1. Effect of flow rate on 7 cm depth with error bars represent the standard deviation.
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Fig. 2. Effect of flow rate on 10 cm depth with error bars represent the standard deviation.
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Fig. 3. Effect of flow rate on 14 cm depth with error bars represent the standard deviation.

rise is termed as the breakthrough point, corresponding
volume of effluent collected indicated as V,. The results
reveal that the reduction in rate of flow at a standard bed
depth raised the V, and correspondingly the T, due to a
raise in EBCT. Since the forward-facing adsorption zone
touched the top of the designed glass column later by uti-
lizing a gentler flow rate, more V, was obtained.

The breakthrough-curve of the lesser rate of flow
(10 mL/min) (Fig. 4) increases sharply near the point of
exhaustion, signifying that the zone of adsorption was
squatter, and the BGH as adsorbent was additionally satu-
rated with the phenol [60,61]. Figs. 5 and 6 also show that
the breakthrough-curve of 20 and 30 mL/min converted to
less steep because the zone of adsorption was deeper.
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The span of the zone of adsorption represents the small-
est bed depth required to produce a low effluent phenol
concentration when designing a glass column. This find-
ing suggests that a lower flow rate or a longer contact time
may be required for phenol adsorption by a column of
BGH agro-waste adsorbent. The ideal flow rate for these
study columns should be less than 10 mL/min to represent
a shorter adsorption zone and a longer service time.

4.2. Influence of bed depth on breakthrough-curve

Figs. 4-6 describe the breakthrough curves of dissim-
ilar bed depths at a persistent rate of flow of 10, 20 and
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30 mL/min, respectively. The V, or T, improved with
increasing bed depth while the shape and slope of the
breakthrough-curves were marginally different with the
variable bed depths.

However, the breakthrough-curves of the longer beds
tend to be steadier, indicating that the designed column
was difficult to completely exhaust. This result was com-
plicated by using the upper rate of flow of 30 mL/min
(Fig. 6). The rate of flow at the exit was uneven when the
depth of bed was too high due to a greater flow obstruc-
tion caused by close packing of the longer bed packed with
more BGH adsorbent. Although the raise in bed depth also
increased the V, or T,, too large bed depth is not beneficial

1
0.8
o 06 i ——7cm
% 0.4 . —#—10cm
© 0.2 —+—14cm
0 T \ ‘ ‘ ‘
0 200 400 600 800 1000

Vb in ml

Fig. 4. Effect of bed depth for a flow rate of 10 mL/min with error bars represent the standard deviation.
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Fig. 5. Effect of bed depth for a flow rate of 20 mL/min.
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Fig. 6. Effect of bed depth for a flow rate of 30 mL/min with error bars represent the standard deviation.
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for the study of single column; otherwise, the numerous
beds should be developed. Since the treated phenol solu-
tion was not correctly drawn off at the upper portion of the
packed-bed greater than 14 cm for the proportional diam-
eter of 2.5 cm, the best depth to diameter ratio of designed
column having BGH agro-based adsorbent should be lesser
than 6 (<14/2.5). Actually, this proportion can be practical
for the model prototype scale-up of the column adsorber.

4.3. Study of BDST with variation in depth of bed and rate of flow

The data of EBCT, V, and T, increased with decreasing
flow rate or increasing bed depth. However, the flow rate of
flow should not be reduced; it is determined by the deten-
tion period and the quantity of prepared phenol solution for
treatment. As mentioned above, the bed depth should not
be too high, therefore, the multiple beds arranged in par-
allel, or series are preferable. The T, vs D for BDST plots
were developed, which are shown in Figs. 7 and 8. The
comparisons of linear relationship were obtained with all
correlation R? above 0.94. Tables 2 and 3 shows the results
of determining the minimum depth of bed (D__ ), adsorp-
tion capacity (N ), and rate constant (K). The results show
that D_, increased as the rate of flow increased because
the zone of adsorption must be improved to separate the
wastewater sample, phenol, as the rate of flow increased.
The real bed depth of black gram husk in the designed col-
umn of 2.5 cm diameter should be greater than 4.0, 4.48, and
4.98 cm, respectively, representing an appropriate length of
phenol adsorption zone to achieve an acceptable effluent or
to keep the phenol effluent concentration from exceeding
10 mg/L at null time test conditions. The capacity of adsorp-
tion (N ) of BGH was estimated to be 68.59 and 53.4 mg/cm?
when flow rates of flow of 10 and 20 mL/min were used,
respectively, but N, was sharply decreased to 30.57 mg/
cm® when the rate of flow of 30 mL/min. This means that
adsorption capacity can increase with decreasing rate.

4.4. Infrared characterization of individual agro-based adsorbents

As per the FTIR analysis, the spectrum for BGH
(Fig. 9) exhibited the following bands. Noteworthy peak at
-OH groups (3,449.36 cm™), -CH,~ group (2,924.06 cm™),
C=C bond (2,363.50 cm™), C=C bond (1,625.18 cm™),

Table 2
Details of bed depth and rate of flow in fixed-bed column

enlarging vibrations of aromatic C=C bonds, that is, phe-
nyl (1,529.92 cm™), the syringyl ring with C-O enlarging
(1,326.80 cm™), ethers with -C—O-C- stretches (1,017.02 cm™)
and plane ring deformation, CH, rocking (667.14 cm™).

4.5. Influence of phenol-sorption on functional
groups of the adsorbents

The influence of adsorption reaction of phenolic adsor-
bate over the BGH carbon studied has resulted in some
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Fig. 7. BDST curves for 10% breakthrough.
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Fig. 8. BDST curves for 50% breakthrough.

Q (mL/min) D (cm) Bed volume (cm?) EBCT (min) V, (mL) T, (10%) min
10 7 34.34 3.43 55 9
10 49.06 49 88 13
14 68.68 6.8 240 32
20 7 34.34 1.71 23 4
10 49.06 2.45 27 6
14 68.68 3.43 205 13
30 7 34.34 1.14 8 1.5
10 49.06 1.63 50 3
14 68.68 2.28 112 5
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Table 3
Constants of BDST equations

Q (mL/min) V (cm/min) D_,. (cm) N, (mg/L) K (L/mg x 107%)

10 2.04 4.0 68.59 1.31

20 4.08 4.48 53.4 3.74

30 6.12 4.98 30.57 10.98
unusual changes such as the disappearance of some special [ o BGH-Before
changes such as vanishing of some bands, the enlarge- 2
ment of others, and spectral shifts. The peculiar changes g 907 | | MBGH-Aftler
in the spectra of the phenol unloaded and loaded adsor- §
bents are due to variations in the surface characteristics, § i
such as the contribution of specific functional groups : 70 1 ;
in the principle of adsorption interaction and resulting °
chemical variations thereon. The BGH carbon’s crests at
3,449.36 cm™ vanished, and a broad band around 3,000— 50 ‘ ‘ ‘ ‘

0 1000 2000 3000 4000

3,500 cm™ appeared for the phenolic adsorbate loaded
carbons, indicating the participation of phenolic groups
in the adsorption reaction. Figs. 9 and 10 depict typical
FTIR bands. The enlarging vibrations of aromatic C=C
bonds (i.e., phenyl) are explained by the peaks at 1,625
and 1,529 cm™ [62,63]. The sharp peak variations between
1,326 and 1,230 cm™ indicate the formation of the syrin-
gyl ring via C-O stretching. Peak shifts from 1017 to 1012
correspond to ether stretches -C-O-C. The plane ring
deformation is described by the peak of 667-668 [64].

The increase in -OH groups on BGH (Fig. 9) was found
to be 3.6%. After adsorption, the effect of -CH, - groups
decreases by 8%, as demonstrated by BGH. At wavelengths
of 1,734; 1,500-1,600 and 1,461 cm™, the effect of phenol
uptake on the surface reduces C=O stretching, aromatic C=C
bond, and methyl (-CH,) group in all types of adsorbents.
Simultaneously, C-O stretch or -OH distortion in carbox-
ylic acids (1,425 cm™); -CH, distortion (1,376 cm™): syringyl
ring with C-O elongating (1,329 cm™) and C-O stretches
(1,247 cm™) [66]; ethers —-C-O-C- stretches (1,050 cm™);
C-H out of plane deformation (897 cm™); C-H out of plane
bending in benzene derivatives (853 ¢cm™) and in-plane
bending in benzene derivatives (853 cm™) and in-plane ring
distortion (608 cm™) also shows the decrease of their pro-
portion [64].

4.6. SEM analysis of adsorbents

SEM studies are widely used to understand the mor-
phological features and textural characteristics of the
adsorbent (here BGH) materials [48,49]. In the present
study, SEM procedure was engaged to perceive the tex-
tural physical morphology, that is, texture of surface and
porosity of the agro-based BGH adsorbents at the best
operational condition with 2,000x magnifications. It can be
visualized from the micrographs that the outer surface of
the chemically acidulated adsorbent is full of alterations
and striations with cavities.

It appears that the cavities caused by acidification and
carbonization induce agglomeration on the carbonise struc-
ture, which is further revealed in the formation of chars
with a complete exterior surface. There are some scatterings

Wavelength(Cm-')

Fig. 9. Comparison of FTIR analysis of BGH before and after
adsorption.

visible on the surface of the BGH adsorbents (as well as,
to some extent, some blockage of the entry of pores). The
findings above clearly show that the products’ adsorptive
capacity can be increased further.

In some adsorbents the surface was also found to be
covered with several spherical silica elements that contain
sharp, conical agglomerations [65]. It was also observed
that a solidifying of the basal cell forming a surrounding
brim with attendant depressions allowing the adsorbent
surface to accommodate the silica bodies. Moreover, the sil-
ica globules appeared to be more visible due to the leveling
off or reduction of the thick basal cell brim. The dense sur-
face was found to be transformed to uneven textures and
layers. The presence of small pores on most of the adsorbed
adsorbents’ surface showed the possible development
of rudimentary pore networks.

The image of BGH displays a heterogeneous surface
(with several macropores) as seen from its SEM micro-
graphs (Figs. 10 and 11). BGH seems to possess a character-
istic cellulose-morphology (with twisted strands), possibly
exposed due to pre-treatment and adsorption. The conse-
quence of pretreatment and adsorption seemed to result in
increased number and size of voids, akin to that of char-
based carbons.

5. Conclusions

In a column investigation, BGH agro-waste was
found to be capable of dephenolation from aqueous phe-
nolated solution to a degree comparable to commercial
activated carbon, but at a significantly lower cost. The
design parameters bed depth and flow rate for an adsorp-
tion bed were determined based on column studies. The
optimal rate of flow is less than 10 mL/min, and with a
rate of flow of 10 mL/min, the D_, was determined to be
4 cm for a bed depth of up to 14 cm. In terms of agro-wastes
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Fig. 11. SEM analysis of BGH treatment.

characterization, the FTIR record reveals the existence of
numerous functional groups in these samples, including lac-
tones, phenols, ethers, and carboxyl. The FTIR examination
of the adsorbent before and after adsorption reveals unique
spectrum alterations of band disappearance and spectral
shifts is expansions. Adsorption causes changes in aro-
matic C=C, C-O, and aliphatic (-CH, and —CH,) functional
groups, as well as changes in the peaks of -C-O-C bonds,
adsorbent-specific fluctuations in the -OH group, and so
on. SEM micrographs of the adsorbent’s surface physical
morphology revealed an increase in texture un-evenness,
the development of alterations and striations with cavities
on the outer surface of the chemically acidulated and car-
bonised adsorbents, and the exposure of the silica globules
due to the shrinkage of the thick basal cell brims.
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