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Abstract

In this study, we investigated the modeling of chromium (Cr(VI)) removal using globally available plant biomass: Phragmites
australis and Ziziphus spina-christi. Biosorption parameters were initial Cr(VI) concentration (50-800 mg L=!), contact time
(1-180 min), adsorbent dose (0.25-2.0 g L™"), and pH (2-8) at agitation speed of 100 rpm. Based on the results of batch
experiments and modeling, pseudo-second-order model was fitted to the experimental data where R*=0.99; besides, diffusion
model played a significant role in the rate-determining step. Isotherm models were fitted in the order of Langmuir > Fre-
undlich > Temkin models. Maximum adsorption capacities were recorded 21.32 mg g~! and 15.55 mg g~! for Phragmites
australis and Ziziphus spina-christi, respectively. Insights into biosorption behavior were determined using Fourier-transform
infrared spectra (FT-IR), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). SEM-EDX
revealed the chromium presence and its accumulation on both biosorbents after the biosorption process. Cr(VI) biosorp-
tion mechanism is illustrated and can be related to electrostatic interactions, reduction and chelation/complexation with the
functional groups of both adsorbents.
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Introduction

Excessive use of heavy metals led their releasing into the
environment through natural process and anthropogenic
activities. Many industries in the worldwide such as leather,
tanning, metallurgy, petrochemicals, battery, and paper
Editorial responsibility: Jing Chen. manufacturing are mostly responsible of discharging vari-
ous types of heavy metals into the environment.

Heavy metals pose a serious threat to human health
because populations can be exposed to the heavy metals
through water consumption. In addition, some heavy metals
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maximum permissible limit of 0.05 mg L™! in drinking
water and 0.005 mg L™! in irrigated water according to the
World Health Organization. It is highly toxic because they
are nonbiodegradable in nature and induce the toxic effects
to living beings.

The variation of chromium concentration counts on the
industrial sector (Kurniawan et al. 2011). In the leather and
tanning industries, it is found that only 20% of the used
chemicals are consumed and 80% of them are discharged in
wastewater to reach aquatic environment (Laxmi and Kau-
shik 2020). The high concentrated chromium is due to the
application of basic chromium sulfate (Cr,(SO,)) as a tan-
ning agent.

The major issue with chromium is that it exists in a series
of oxidation states ranged from — 2 to + 6. The most main
states are trivalent Cr(III) species which are low soluble and
low mobile and hexavalent Cr(VI) species which are highly
soluble and mobile in our water bodies (Fawzy et al. 2016;
Hlihor et al. 2017). Cr(III) is an essential trace element for
the metabolism in mammals, whereas Cr(VI) is a toxic pol-
lutant, teratogenic and carcinogenic (Mahmoud and Fawzy
2016; Pholosi et al. 2020a, b). Furthermore, Cr(III) can be
easily oxidized to Cr(VI) which is more toxic to aquatic
organisms (Mella et al. 2015; Yang et al. 2016).

In Egypt, Alexandria is one of the most important
industrial cities, hosting about 60% of the national indus-
tries (Nasr et al. 2017). The suburban of Alexandria hosts
approximately 40 tanneries. Unfortunately, these tanneries
have no treatment plants and discharge their untreated or
semi-treated effluents into the nearest sewerage system or
directly into El-Max Bay west of Alexandria.

Consequently, the chromium removal from wastewaters
is obligatory to mitigate and avoid water bodies pollution.
From the literature survey, adsorption is a promising tech-
nique for heavy metals removal. Therefore, various biosor-
bents as pistachio hull (Moussavi and Barikbin 2010), broad
bean shoots (Fawzy et al. 2016), Magnolia leaf (Mondal
et al. 2019), and Acacia auriculiformis (Shahnaz et al. 2020)
have been investigated for the removal of Cr(VI). All these
reports indicated that the optimum Cr(VI) removal occurs in
very acidic aqueous solutions (pH=1-2), so the application
of biosorption may not apply for the removal of other heavy
metals or multi-metal solutions in the industrial sectors.

The objective of the proposed study is to investigate the
biosorption performance of Cr(VI) from aqueous solutions
using globally available and low-cost plant biomasses with-
out modifications as Phragmites australis (Common reed)
and Ziziphus spina-christi (Christ’s thorn jujube) at higher
pH values (4—6) than stated in the literature. Phragmites aus-
tralis is chosen because it is distributed worldwide in general
and specially in Alexandria City. It is the dominant species
in the Lake Mariut representing 60% of the lake surface area.
The mismanagement of Phragmites australis biomass would
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have negative impact on the lake ecosystem such as reducing
the dissolved oxygen concentrations. Ziziphus spina-christi
is selected because it is found in Africa and Asia and easily
cultivated in dry and hot climates.

We focused on optimization of the experimental variables
such as pH, contact time, biosorbent dosage, and Cr(VI) con-
centration on the biosorption process and validate various
isotherm (highlight the sorption mechanism and the sorbent
affinities) and kinetic models (prediction of the biosorption
rate) including the intra-particle diffusion models that can
be applicable for large-scale applications.

Materials and methods
Preparation of biosorbents

Phragmites australis (Ph) and Ziziphus spina-christi (Zi)
were collected, during Autumn 2019, from the Botanical
Garden of Faculty of Science, Alexandria University, Egypt.
Plant specimens were dissected, cleaned, and rinsed with
tap and double distilled water, followed by oven-drying at
60 °C for 72 h. After that, plant samples were crushed and
ground by a stainless-steel grinder to a size of <250 um. The
resultant powder was stored in plastic bottles for further use.

Characterization of biosorbents

Fourier-transform infrared spectroscopy (FT-IR) of the
investigated biomass after and before biosorption was car-
ried out. The spectra were collected using PerkinElmer spec-
trum BX FT-IR system equipped with diffuse reflectance
accessory within the range of 400-4000 cm™!. A definite
weight of each biomass was mixed with pure KBr and then
compressed to form thin pellets (Mahmoud 2020a, b). Fur-
thermore, the surface of the studied biosorbents before and
after biosorption process was analyzed and photographed
using a scanning electron microscope (SEM; JEOL—JSM-
5300) equipped with energy-dispersive X-ray spectros-
copy (EDX). Dried biomass of the studied biosorbents was
mounted on copper stubs with double-sided adhesive tape
and then analyzed for their relative metal contents by the
EDX. Samples were then coated with 30 nm layer of gold
using Polaron E5000 Sputter Coater, examined and photo-
graphed at 5000 magnifications by the SEM.

Experimental setup

A stock solution (2000 mg L=") of Cr(VI) ions was prepared
by dissolving the required mass K,Cr,0; (analytical reagent
grade) in double distilled water. Experimental Cr(VI) solu-
tions of different concentrations were prepared by diluting
the stock solution with suitable volumes of double distilled
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water. The Cr(VI) concentrations were determined using
a visible spectrophotometer (Pharmacia LKB-Novaspec)
at Ay, =540 nm using double distilled water as a blank.
Its concept is based on reacting Cr(VI) with 1,5-diphenyl-
carbazide, which forms a red-violet-colored complex to be
measured. The calibration curve is shown in Figure S1.

100 mL of a known Cr(VI) concentration solution was
added into each flask, with a definite biosorbent mass.
The suspension was stirred at 100 rpm using incubator
shaker, HAF.Teck, Egypt. Different variables of biosorp-
tion process were investigated. The effects of biosorb-
ents’” doses (0.25-2 g L™, initial Cr(VI) concentrations
(50-800 mg L), and contact time (1-180 min) on Cr(VI)
biosorption were studied. For pH adjustments, HCI (1 N)/
NaOH (1 N) were used to study pH variable in the range
of 2-8. All experiments were conducted in triplicate + SD.
Upon completion of the experimental trials, samples of the
suspensions were withdrawn from the flasks and filtered
through a fiberglass filter Whatman GF/A 47 mm (0.2 pm
pore size) and the filtrate was analyzed for the residual
Cr(VI).

Experimental calculations

Biosorption uptake capacities of Cr(VI) (g.) onto the stud-
ied biosorbents were calculated according to Eq. 1 and the
Cr(VI) removal efficiency (%R) was determined using Eq. 2
(Mahmoud et al. 2018a, b):

q. = [(Co—C.) X V] /m, 4))

%R = [(Co—C.)/Co| x 100, )

where ¢, is the quantity of solute adsorbed per unit weight
of biosorbent (mg g™ 1), C, is the initial Cr(VI) concentration
(mg L™"), C, is the final equilibrium concentration of the
Cr(VI) after biosorption (mg L), m is the mass of biosorb-
ent (g), and V is the volume of solution (L).

Pseudo-first-order (Eq. 3), pseudo-second-order (Eq. 4),
and intra-particle diffusion (Eq. 5) models have been used
to examine the mechanism and rate of the sorption process
(Mahmoud and Fawzy 2016):

Log(qe - ql) =logg.— [(k1/2.303) X t], 3)
t/q, = 1/k,q* + [(1/q.) x1]. @)
q, = (Kig X fl/z) + G (5)

where g, is the biosorption capacity at contact time (f),
k, is the pseudo-first-order rate constant (min™"), K, the
pseudo-second-order rate constant (g mg~! min™'), K, is

the intra-particle diffusion rate constant (mg g~! min~"?),

and C; is the intercept.

Additionally, isotherm models were taken into considera-
tion. Langmuir sorption isotherm is often used to describe
the maximum biosorption capacity. It can be represented by
Eq. 6, whereas other isotherms as Freundlich and Temkin
models are expressed by Eqs. 7 and 8, respectively:

C./49. = 1/KLqmax + Ce/dmax (6)
Log(q.) = log (K;) + 1/nxlog (C.,) (7
g.=B InK;y+B In C, )

where K| is the Langmuir adsorption equilibrium constant
related to the affinity between the Cr(VI) and biosorbents
(L mg™Y), and 1/n is the heterogeneity factor of the adsor-
bent; it indicates the relative distribution of energy sites. Its
value ranges between 0 and 1, indicating more heterogeneity
as it gets closer to zero. K; (mg g™!) (L mg~ )" constant
is concerned with the ability of biosorbent to adsorb. B is
Temkin constant related to the heat of adsorption (J moL™~ h;
B=RT/b, K; is the Temkin isotherm binding constant
(L mg_l), R is the ideal gas constant (8.314 J K~ moL™"),
and T is the temperature in Kelvin.

Results and discussion
Characterization of biosorbents

Fourier-transform infrared spectra (FT-IR) of the raw plant
biomasses (Fig. 1a, b) show predominant broad and strong
peaks at 3428 and 3423 cm™ in Phragmites australis (Ph)
and Ziziphus spina-christi (Zi) biomass, respectively, rep-
resenting O—H functional groups. There is also a band at
1512 in Ph biomass, and it is not detected in Zi biomass.
It could be assigned to aromatic skeletal vibration of C=C
representing the lignin presence. Moreover, bands displayed
at 1642 cm™! in Ph biomass and 1639 cm™! in Zi biomass
could be due to the presence of the carbonyl stretching bands
(—C=0) (Nasr et al. 2017).

Subsequent to biosorption of Cr(VI), both biosorbents
were dried and prepared again for FT-IR measurements
in pellets forms. FT-IR spectra (Fig. la, b) demonstrated
changes in the vibrational frequency of most functional
groups. A pronounced shift was recorded for O-H stretching
in alcohol/phenol group and primary and secondary amide
bands. The O-H peaks shifted to 3454 cm™! for Ph biosorb-
ent and 3443 cm™! for Zi biosorbent. Moreover, minor shift
in the peaks was observed for —CH stretching, (—-C=0)
carbonyl stretching bands, (C—OH) carboxyl groups, and
(C-N) primary amine stretching bands to 2921, 1642, 1319

* @ Springer



2128 International Journal of Environmental Science and Technology (2021) 18:2125-2136

Transmittance (%)

2921 4ua<\2.122.m

)
%
3454.04

(b)

Transmittance (%)

20 2
.
=
3443.12— /
\Nzxm
i
L5
1639.51

2924.59—_

T T T T T T
3000 2500 2000 1500 1000 500

Wavelength (cm)

©
& 4
3

Fig.1 FT-IR spectra of a Phragmites australis and b Ziziphus spina-
christi before (X) and after (¥) Cr(IV) biosorption

and 1063 cm™!, respectively, in Ph biosorbent, and 2924,
1639, 1322, and 1057 cm™!, respectively, in Zi biosorbent.
On the other hand, =CH binding band shifts to 805 cm™!
in Ph biosorbent, while to 780 cm™! in Zi, and the mono-
substituted aromatic functional group was minor shifted in
Ph to 669 cm™', whereas 680 cm™" in Zi biosorbent due to
the binding with Cr(VI).

The surface morphology of the studied biosorbents before
and after Cr(VI) biosorption was obtained from scanning
electron microscope (SEM). Figure 2a (left side) shows that
the surface of Ph biomass has bigger pores than that of Zi
biomass (Fig. 2¢) and smooth, revealing substantial abil-
ity of adsorption due to high surface area. Hence, after the
biosorption process (Fig. 2b; left side), its surface appears
to be crammed with tiny granules in the cavities and on the
surface, indicating the ability to sorb the Cr(VI) from the
aqueous solution. Contrary to Fig. 2c, Fig. 2d (left side)
shows that the surface of Zi biomass was filled with tiny
granules after the biosorption process.

EDX proves our suggestion with the presence of Cr(VI)
loaded on both biosorbents’ surfaces. Figure 2a (right side)
depicts the high peak of Cl ions followed by potassium (K)
ions in the raw biomass of Ph. On the other hand, the raw
biomass of Zi possesses calcium (Ca) ions as the high-
est peak and medium peak of K ions (Fig. 2c; right side).

]
* @ Springer

Subsequent to the biosorption process, Fig. 2b, d (right
side) indicates a substantial decrease in Ca, Cl, and K ions
and appearance of dominating peak of Cr(VI) followed by
another Cr(VI) peak at 5.5 keV. The same behavior was also
reported by Duarte et al. (2012) and Kushwaha and Sudha-
kar (2013) with different biosorbents.

Optimization of experimental variables for Cr(VI)
biosorption

All experiments were conducted at room temperature
(25 +3 °C) for ease in the application at large scale and sav-
ing energy cost during the experimental work. Furthermore,
equilibrium time of Cr(VI) biosorption was found independ-
ent on temperature as indicated in Mishra et al. (2015).

pH

Figure 3a, b shows the effect of pH on the uptake capac-
ity (g,) and removal percentage of 100 mg L™! Cr(VI) in
the range of pH 2-8. In the present study, it is proved that
the amount and removal percentage of Cr(VI) decreased
with the increase in solution pH. The optimum conditions
of Cr(VI) uptake and removal were recorded at pH =4 for
Ziziphus spina-christi (Zi) and pH =35 for Phragmites aus-
tralis (Ph). This range of pH is in line with that reported by
Chen et al. (2017) using different biosorbents for the Cr(VI)
removal.

The low Cr(VI) biosorption at pH values higher than 6
is due to competition between OH™ and chromate ions; this
leads to repulsion forces between chromium ions and biosor-
bents (Fawzy et al. 2016). The findings of Dawodu et al.
(2020) showed that the amount and removal percentage of
Cr(VI) sorbed on Heinsia crinita seed coat reduced with the
rise in pH. Hence, the adequate pH for the further experi-
ments with Ph and Zi biosorbents is 5 and 4, respectively.

Contact time

The determination of equilibrium time is vital for kinetic
models. Therefore, the effect of contact time has been con-
ducted for the investigated biosorbents. The removal per-
centage and g, increased with increasing the contact time in
the initial stage rapidly but became slow in the later stages
till the attainment of equilibrium as illustrated in Fig. 4a,
b. The equilibrium contact time between Cr(VI) and the
studied biosorbents was 180 min. As time proceeds, the
surface adsorption sites become exhausted leading to the

Fig.2 SEM micrographs (left side) and EDX spectra (right side) of»™
the investigated biosorbents: Phragmites australis biomass a before
and b after Cr(VI) biosorption process and Ziziphus spina-christi bio-
mass ¢ before and d after Cr(VI) biosorption process
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Fig.3 Effect of pH on 100 mg L™! of Cr(VI) removal with a Phrag-
mites australis and b Ziziphus spina-christi at doses of 0.5 g L™}
contact time = 180 min; temperature=25+3 °C

same sorption rate (Moussavi and Barikbin 2010; Ullah et al.
2013). It is relevant since the active sorption sites in the
biosorbents have a fixed number and each active site can
absorb only one ion in a monolayer sorption system. Subse-
quent to filling these active sites, their availabilities for the
metal ions will be decreased and raising the competition in
the aqueous solution for the metal ions removal (Ding et al.
2012).

(a)
100
g 80 -
w
»
)
|
]
=7
=
e
5 20
v —&—Ziziphus spina-christi
0] —8-Phragmites australis
0 50 100 150 200
Time (min)

q,(mg gh)
(=)}

Biosorbent dose

We investigated different biosorbent doses at the equilibrium
time. Figure 5 illustrates the increment of Cr(VI) removal
percentage from 41.4 to 84.3% with increasing the biosorb-
ent dose of Ph from 0.25 to 2.0 g L™'. On the other hand,
the Cr(VI) removal percentage increased from 24.9 to 69.2%
with Zi biosorbent.

The uptake sorption capacity of Cr(VI) ions showed the
opposite behavior to the removal percentage as demonstrated
in Fig. 5. The g, value of Ph biosorbent decreased from 16.5
to 4.2 mg g~! with increasing its dose gradually from 0.25
to 2.0 g L™!. In the same contest, the g, value of Zi biosorb-
ent decreased from 9.9 to 3.45 mg g~'. Such behavior is
known in the biosorption process even with other biosorb-
ents. Rathinam et al. (2010) demonstrated that an increase
in the amount of seaweed H. valentiae from 4 to 8 g L™!
decreased the biosorption capacity of cadmium from 27.08
to6.21 mg g~ .

In the present account, the Cr(VI) removal using Ph and
Zi biosorbents reached the maximum at 2.0 g L' =84.30%
and 69.2%, respectively. This can be because of increasing
the biosorbent dose which provides more surface area and
availability of more active sites, thus leading to the enhance-
ment of metal ion removal (Mahmoud and Fawzy 2015;
Mahmoud et al. 2016). However, above these doses, the
percent removal tends to be constant or slightly decreased.
This performance could be elucidated by the aggregates of
the biosorbents at higher doses, which decreases the effec-
tive surface area for biosorption.

Initial Cr(VI) concentration

The initial sorbate concentration in the aqueous solution
plays a key role as a driving force to overcome the mass

(b)
12
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4
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0
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Fig.4 Effect of contact time on a 100 mg L™! Cr(VI) removal and b uptake capacity; g, by the investigated biosorbents at doses of 0.5 g L™,
pH=>5 for Phragmites australis and pH=4 for Ziziphus spina-christi; temperature=25+3 °C
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Phragmites australis and b Ziziphus spina-christi with doses of
0.5 g L™ at 180 min; pH=>5 for Phragmites australis and pH=4 for
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transfer resistance between the aqueous and solid phases
(Mahmoud 2020a, b). Figure 6 shows the Cr(VI) uptake
capacity (g,) and its removal percentage at different initial
Cr(VI) concentrations. Ph biosorbent recorded a decrement
in the removal of Cr(VI) from 62.4% (6.2 mg g~") to 52.7%
(10.5 mg g~") with the rise of its concentration from 50

to 100 mg L~'. On the other hand, Zi biosorbent was able
to remove 69.6% (6.9 mg g~!) of 50 mg L~! Cr(VI) and
decreased to 50.0% (8.8 mg g‘l) with doubling the Cr(VI)
concentration to be 100 mg L~".

It is also noted that the Cr(VI) removal steeply decreased
from 29.4% (11.7 mg g™') to 12.5% (20.0 mg g~") using Ph
biosorbent and 30.0% (12.0 mg g~!) t0 9.4% (14.9 mg g~!)
using Zi biosorbent when Cr(VI) concentration increased
from 200 to 800 mg L~". Oves et al. (2013) and Pillai et al.
(2013) reported that metal biosorption mechanism is prac-
tically dependent on the initial metal ions concentration.
Generally, the increase in initial concentration of metal ions
results in an increase in g, and decreases in removal effi-
ciency. This is a common phenomenon recorded for many
biosorbents, e.g., Pistachio hull waste biomass (Mous-
savi and Barikbin 2010) and Araucaria leaves (Shukla
and Vankar 2012). This is mainly because the transfer of
metal ions from bulk solution to the surface of the sorbent
increases with the increase in concentration of metal ions.
It may be also due to improved collisions between Cr(VI)
molecules as well as competition between the biosorbate
ions for limited biosorbents surface. These forces lead to the
enhancement of Cr(VI) sorption by both biosorbents. There-
fore, the real industrial effluents should be diluted before
being subjected to biosorption process in large-scale applica-
tions to obtain satisfied biosorption results with multi-metals
in the effluents.

Kinetic models

Kinetic experiments were analyzed for their fitness with
either pseudo-first-order or pseudo-second-order models
to determine the kinetic order and rate constant of Cr(VI)
biosorption onto the studied biosorbents.

Figure 7a reveals the variation of log(g, —q,) versus con-
tact time. The linear fit gives a straight line with slope equal
to the pseudo-first-order rate constant k; (min~") and inter-
cept log g.. Furthermore, Fig. 7b represents the linear plots
of (t/q,) versus time. The linear fit gives a straight line with
slope of the rate constant (1/g,) and intercept 1/k, qg. The
values of ¢, k|, and k, including linear correlation coeffi-
cient R? are presented in Table 1.

In the present account, the fitness of the pseudo-second-
order model has been confirmed with experimental results
because it provides better correlation of the experimental
data than the pseudo-first-order model. We found that the
experimental and calculated g, values from the pseudo-
second-order kinetic model are very close to each other.
Furthermore, the calculated correlation coefficients (Rz)
are a closer to unity. The same findings were published by
numerous researchers when using natural biosorbents for
Cr(VI) removal (Pillai et al. 2013; Pholosi et al. 2020a, b;
Prabhu et al. 2020).
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Fig.7 a Pseudo-first-order and b Pseudo-second-order kinetic plots for biosorption of Cr(VI) onto the investigated biosorbents at doses of
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Table 1 Comparison between calculated and experimental uptake capacity (g,) values of the investigated biosorbents for the kinetic models

Biosorbents q. (exp) mg g~} Pseudo-first-order model Pseudo-second-order model
k, min™! g, (calc) mg g™ R? k, g mg~'min"! g (calc) mg g~ R?
Phragmites australis (Ph) 10.5 0.020 5.86 0.94 0.24 10.60 0.99
Ziziphus spina-christi (Zi) 10.0 0.019 5.65 0.93 0.01 10.10 0.99
12 Fig. 8, its plot did not pass through the origin (zero), indicat-
@ ing that this model was involved in the Cr(VI) biosorption
10 - .-__D..::Ejﬁig-"A but was not the only rate-limiting step (Pholosi et al. 2020a,
8 & 12::::::23[2 """ ol b). The biosorption process has occurred in two stages
o OoA (Fig. 8): (1) the initial stage is the film diffusion; transport
%ﬁ 6 K of Cr(VI) from the aqueous solution to the external surface
; éﬁ of the biosorbents, and (2) the second one is intra-particle
4 ﬁ/ diffusion where the diffusion of Cr(VI) takes place from the
2 | o o ) o surface into the pores of the biosorbents.

" A Ziziphus spina-christi The slopes (K4 and K,,4) which point to the adsorption
0 O Phragmites anstralis rate orders and the intercepts (C; and C,) which highlight the

0 3 6 9 12 15
12 [min!?]

Fig. 8 Intra-particle diffusion models for the Cr(VI) biosorption using
Phragmites australis and Ziziphus spina-christi

The aforementioned kinetic models cannot determine the
rate and diffusion mechanisms. Hence, the model of intra-
particle diffusion was investigated to check the metal uptake
capacity versus the square root of time. As illustrated in

surface biosorption of the intra-particle diffusion models are
calculated in Table 2. The values of the adsorption rate order
in the second phase (K,,) are much smaller than K, because
the resistance to mass transfer occurred in the second phase
during the Cr(VI) diffusion into the investigated biosorbents.
The intercepts (C, and C,) of Ph biosorbent were higher
than Zi biosorbent. Consequently, Pk biosorbent had more
effect on the boundary layer.

Table 2 In‘tra—particle diffusion Biosorbents Ky Koy mg g~ min~"? C, c, R R
parameters for the Cr(VI) )
. . mg g~ min
biosorption
Phragmites australis (Ph) 2.208 0.267 0.38 6.97 0.986 0.991
Ziziphus spina-christi (Zi) 1.933 0.259 0.06 6.49 0.896 0.992
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Fig.9 Linear fit of a Langmuir, b Freundlich, and ¢ Temkin isotherms at biosorbent dose=0.5 g L™!; pH=>5 for Phragmites australis and

pH =4 for Ziziphus spina-christi for 180 min; temperature=25+3 °C

Table 3 Langmuir, Freundlich, and Temkin biosorption isotherms of the investigated biosorbents for Cr(VI) biosorption

Biosorbents Langmuir Freundlich Temkin

Ginax (Mg 27 K, (Lmg™h R? K; n R? B K (L mg™h R?
Phragmites australis (Ph) 21.32 0.013 0.97 291 3.44 0.94 343 2.45 0.94
Ziziphus spina-christi (Zi) 15.55 0.027 0.99 4.04 4.88 0.97 2.15 10.63 0.98

Isotherm models

According to Fig. 9a—c, it can be pointed out that the
biosorption isotherm can be fairly described by Langmuir
rather than Freundlich and Temkin models. However, Lang-
muir and Freundlich isotherms can be applicable to the sorb-
ent system denotes that both monolayer and heterogeneous
surface conditions exist under the experimental conditions
(Miretzky and Cirelli 2010; Moussavi and Barikbin 2010).

The affinity of the sorbed species is indicated by the coef-
ficient K; in the Langmuir model (Eq. 6). The lower value of
K; means the higher biosorption affinity of Ph biosorbent to
Cr(VI) removal than Zi biosorbent as indicated in Table 2.

The constants of the isotherm models along with correla-
tion coefficients for biosorption of Cr(VI) onto the investi-
gated biosorbents are given in Table 3. g,, for Ph biosorbent
was slightly superior to Zi biosorbent due to the shift amount
in the carboxyl and carbonyl groups on the surface of each
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Table 4 Review of Cr(VI) sorption using various biosorbents

Biosorbents Conc. Biosorbent  Contact pH Fitting models Uptake References
Cr(VD) dose (g L") time capacity
(mg L™ (min) (mg g™
Date palm leaves 100 5 180 Langmuir 19.50 Fawzy et al. (2016)
Broad bean shoots Langmuir 18.00
Rye husk 260 10 140 Langmuir and reversible first  22.62 Altun et al. (2016)
order
Chestnut oak shells 100 7 120 - 4.44 Niazi et al. (2018)
HCl-treated Acacia nilotica 100 29 80 Langmuir and pseudo-sec- 6.34 Khalid et al. (2018)
sawdust ond-order
Formaldehyde-treated Acacia 8.20
nilotica sawdust
Walnut shell-activated car- 100 10 400 Langmuir and pseudo-first- 29.67 Derdour et al. (2018)

bon-supported Fe catalysts

Sugarcane bagasse—granular 10 - 180
activated carbon
Ziziphus spina-christi 100 0.5 180

Phragmites australis

6.2 Langmuir, Freundlich, and 9.75

order
Karri et al. (2020)
pseudo-second-order

Langmuir, Freundlich, and 15.55

pseudo-second-order

This study

21.32 This study

biosorbent which enhances electrostatic interactions between
Ph biomass and Cr(VI). Furthermore, the high value of B
(Temkin isotherm) in the case of Ph biosorbent indicates
lower heats of adsorption with a higher surface coverage
which proved that it has higher surface coverage for Cr(VI)
biosorption than Zi biosorbent. The evaluated isotherm
models had R?> 0.94 which validates their application to
describe the Cr(VI) biosorption onto Ph and Zi biosorbents
(Table 3).

(a) Cro,?
1.0p
0.8
- HCrO,
S
= osf
2
E
i o4l
0.2
0.0 " 3
2 4 6 8 10 12
pH
(b) . Positively charged groups
.................... AElectron donor groups (e)
3+ Ht
HCrOZ + Cr / \ 34
4+ gH , ’ Cr

M Biosorbent

surface

1
Direct mechanism| Indirect mechanism

Fig. 10 a Speciation diagram of Cr(VI) species and b proposed
adsorption-coupled reduction mechanisms of Cr(VI) by biosorbents

o’
’r @ Springer

The difference in the performance of both plant biomasses
in Cr(VI) removal is the higher lignin contents in Ph biomass
than Zi biomass because of the high percentage of fibrous
tissues. Despite the low biosorption capacity of Zi biomass,
its antimicrobial potentials for water disinfection should be
considered.

Compared to other biosorbents (Table 4), the uptake capaci-
ties of Ph and Zi biosorbents have similar or higher capaci-
ties than other biosorbents to remove Cr(VI) from aqueous
solutions. Furthermore, the investigated biosorbents have the
potential to be used without the need of carbonization step
as compared in Table 4. This is an advantage to reduce the
adsorption process cost and be an environmentally friendly
technique.

Mechanism of Cr(VI) biosorption

The biosorption mechanism is reliant on the sorbate struc-
ture and the functional groups of the investigated biosorbents
(Mahmoud et al. 2020). It is noted that speciation of Cr(VI)
has a significant impact on its removal mechanism using
biosorbents (Fig. 10a). In the range of pH=1-6, HCrO,™ and
dichromate ion (Cr2072_) are the dominant species in equi-
librium as also indicated in Jobby et al. (2018). Therefore,
anionic adsorption mechanism was occurred where the nega-
tively charged HCrO, /Cr,0,*~ are adsorbed to the posi-
tively charged functional groups of the studied biosorbents by
electrostatic interactions. Based on Egs. 9 and 10, HCrO," is
reduced to Cr(IIl) at low pH. However, at pH higher than 6,
Cr(OH); is formed as an insoluble precipitate (Eq. 11):
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Cr,02” + 14H* + 6e~ — Cr’* + HCrO] + 7H,0 )
HCrO; + 7H* + 3¢~ — Cr'* + 4H,0 (10)

CrO;~ /Cr,03™ + 4H,0 +3e” — Cr(OH); + SOH™  (11)

There are two mechanisms of “adsorption-coupled reduc-
tion” reactions as illustrated in Fig. 10b. Direct reduction
mechanism occurs through the electron-donor groups of
the studied biosorbents which possess less reduction poten-
tial values than that of Cr(VI) ions. Moreover, the reduced
Cr(III) can either form complexes with the functional groups
on the biosorbents or remain in the aqueous solution. Indirect
reduction mechanism comprises three stages: (1) binding of
anionic Cr(VI) to the positively charged functional groups of
the biosorbents such as amino and carboxyl groups (Fig. 1),
(2) reduction of Cr(VI) to Cr(IIl) by adjacent electron-donor
groups, and (3) releasing Cr(IIl) into aqueous phase due to
its repulsion with positively charged functional groups on the
biosorbents or its complexation with adjacent groups.

Conclusion

Phragmites australis (Ph) and Ziziphus spina-christi (Zi)
are efficient and cost-effective biosorbents for the removal
of Cr(VI) from low- to medium-strength industrial waste-
waters. EDX spectra of Ph and Zi biosorbents, after the
biosorption process, confirm the presence of Cr(VI) loaded
on biosorbents which is evidence that these biosorbents are
effective in the removal of Cr(VI). The main functional
groups that involved in the uptake of Cr(VI) are —OH,
—CH, —C=0, C-0OH, and C-N stretching bands.

The most important factor affecting the Cr(VI) biosorp-
tion is pH. The highest removal values of Cr(VI) were
achieved at pH =15 for Ph biosorbent, while pH =4 for
Zi biosorbent. We recorded the maximum sorption
capacity (g,,.) for Ph and Zi biosorbents at 21.32 and
15.55 mg g~', respectively. Such decrease in sorption
capacity could be due to the unsaturated sorption sites
during the sorption process.

The superior fitness of the pseudo-second-order model
has been confirmed with experimental results because it
provides better correlation of the experimental data than
the pseudo-first-order model. Ph biosorbent had higher
Cr(VI) surface coverage as proved by Temkin isotherm
and SEM micrographs. Kinetic models illustrated that the
adsorption process occurred in two phases: the film diffu-
sion and intra-particle diffusion.

It is recommended that industrial effluents should be
diluted before being subjected to biosorption process to
obtain satisfied results. Further studies should be done to
explore the performance of the investigated biosorbents
with multi-metal solutions, and their regeneration for pos-
sible metals recovery should be investigated. Despite the
low biosorption capacity of Zi biosorbent, its antimicro-
bial potentials for water disinfection should be considered.
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