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Abstract
Chromium is extensively used in a large number of industries and is often discharged through the wastewater effluents 
to pollute water sources. Being a heavy metal, it invariably leads to serious health risks when ingested. The aim of the 
present study is to test a readily available low-cost precursor, dry pine needles, for the production of activated carbon and 
determine its efficiency in removing Cr(VI) from water. Process parameters such as efficiency of metal removal, capacity 
of the activated carbon, pH, and concentration of adsorbate were investigated. The characterization of the adsorbent 
was performed using scanning electron microscopy and X-ray diffraction. The point of zero charge was determined. Both 
batch and column adsorption experiments were conducted. Adsorption equilibrium isotherms as well as adsorption 
kinetics were generated from batch experiments. Breakthrough curves were generated to assess adsorption capacities 
using column adsorption tests. The results obtained from the batch tests showed that the Freundlich as well as Temkin 
isotherms constituted a better fit for the adsorption data than the Langmuir isotherm. Maximum adsorption capacity of 
pine-needle activated carbon for Cr(VI) was 65.36 mg g−1. Furthermore, the adsorption kinetics followed a pseudo-second 
order which confirms chemisorption to be the mechanism responsible for the removal of Cr(VI) using pine-needle acti-
vated carbon as adsorbent. The results of the column tests indicated that the highest metal removals were achieved at 
lower initial concentrations, while the highest adsorption capacities were achieved at the initial concentration of 20 mg 
 L−1. The results also depicted that Cr(VI) is almost exclusively removed at low pH values (pH 4 being the lowest pH tested) 
with removals decreasing appreciably with the increase in pH.
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1 Introduction

Chromium is one of the widely used metals in industries 
such as leather tanning, electroplating, metal finishing, 
textile finishing, steel fabrication, wood preservation and 
pulp processing, paint, dyes, paper, fertilizers, and pho-
tography [1–5]. It is normally released in industrial efflu-
ents and exists in the stable oxidation states of trivalent 

chromium, Cr(III), and hexavalent chromium, Cr(VI), where 
the latter is primarily present in the form of chromate 
 (HCrO4

−) and dichromate  (Cr2O7
2−) ions which are estab-

lished to be highly toxic metals to humans and animals 
[6–8]. Discharges of such effluents to water sources, 
particularly in developing countries where treatment of 
industrial wastewater is rather limited, invariably lead to 
health risks which include ailments such as dermatitis, 
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allergic skin reactions, ulceration of the intestines, bron-
chitis, cancer of the digestive system, and lungs and may 
cause other health problems such as perforation of the 
nasal septum, severe diarrhea, and hemorrhaging [9–11]. 
It should be noted that maximum permissible levels for 
Cr(VI) in water vary from country to another and, as per 
the Lebanese standards, the maximum permissible limits 
for Cr(VI) discharges in water destined for potable use are 
0.05 mg/L [12, 13].

In order to alleviate this serious concern and to comply 
with the set limits, processes such as chemical precipita-
tion, ion exchange, adsorption, biosorption, co-precipita-
tion, electrodialysis, membrane filtration, reverse osmosis, 
and solvent extraction have been employed to investigate 
the removal of Cr(VI) from aqueous solutions [14–16]. A 
number of these processes are deemed unsustainable 
because of a number of disadvantages such as being rela-
tively expensive with high operating cost due to exces-
sive energy consumption, having low selectivity and high 
sludge production, and inducing incomplete removal 
of the targeted metal ions [17–19]. Adsorption methods 
using activated carbon are considered by many to be the 
most favorable technique for metal removal; however, the 
costs involved in its production and generation pose some 
hindrance to its use [20, 21]. Several production processes 
were investigated to produce ACs using precursors that 
are cheaply and abundantly available and thus more sus-
tainable. Some of the precursors, such as pecan shells [22], 
olive-waste cakes [23], fertilizer industrial waste [18], pine 
cones [24], rice husks [25], are reported to have been suc-
cessfully tested after activation for the removal of metals 
from aqueous solutions.

In this study, dry pine needles are selected as a precur-
sor for the production of AC due to a number of inducing 
factors. Pine trees are very common in Lebanon whereby 
they constitute most of the forests which occupy an area 
of approximately 17,000 ha. Massive amounts of pine 
needles are shed yearly, which if left unmanaged would 
constitute fire and health hazards provoked by their highly 
inflammable and slippery characteristics when present in 
the dry form. Considering the ease by which this organic-
based material could be collected, handled, and con-
verted into AC renders this precursor a potentially viable 
and sustainable material source for the production of a 
commercial entity, while concurrently alleviating possible 
environmental risks.

The objective of the present study is to determine the 
efficacy of dry pine needles, as a low-cost precursor for the 
production of AC, in the removal of Cr(VI) from aqueous 
solutions. Characterization of the activated carbon adsor-
bent is performed. Batch experiments are conducted to 
determine the adsorption equilibrium isotherms as well as 
kinetic aspects. Column studies are performed to establish 

the efficiency of metal removal, capacity of the AC, opti-
mum pH, and concentration of adsorbate.

2  Materials and methods

2.1  Preparation and characterization of the AC

Shed dry pine needles of the type Pinus pinea were col-
lected from the campus of the American University of Bei-
rut and used as a precursor for producing activated car-
bon. The procedure for the preparation of the AC involved, 
in a first step, chemical activation of the washed, dried, 
and crushed needles by impregnating in KOH for a period 
of 24 h. The impregnation was carried out using 1.0 g 
of KOH(1 M) per gram of biomass. This was followed by 
drying the activated needles at 120 °C for a 24 h period. 
The resulting activated pine needles were then placed 
in high-temperature-resisting porcelain crucibles and 
were carbonized in a in an oven operated under inert 
conditions created by the addition of nitrogen at a rate 
of 500–700 mL min−1. Application of heat was conducted 
at a rate of 10 °C  min−1 until the target temperature of 
800 °C was attained. After 1 h of carbonization, the product 
was left to cool for several hours while maintaining the 
flow of nitrogen in the oven. The produced carbon was 
washed with boiling water, filtered, and then rewashed 
with a small volume of 5 M HCl. Any free acid left on the 
AC was carefully washed using distilled water then dried 
at 105 °C and crushed to produce granular AC. The product 
was placed in vials which were stored in a desiccator for 
ultimate use in the experimental study.

Derivative thermogravimetry (DTG) and thermogravi-
metric analysis were performed (TGA). The AC sam-
ples were analyzed by X-ray diffraction on a Brucker D8 
ADVANCE X-ray diffractometer equipped with a Cu-Kα 
radiation source (Figure S1). Scanning electron microscopy 
(SEM) was performed on samples of the activated carbon 
using a TESCAN MIRA3 LMU scanning electron micro-
scope. Thermo-Finnigan Flash EA series 1112 was used 
to determine the elemental analysis of raw pine needles 
and AC pine needles. Sodium, potassium, and silica were 
determined using ICP-OES Shimadzu 9800 series, follow-
ing microwave-assisted digestion.

Determining the classes of functional groups present 
on the surface of the AC is a good indicator of the adsorp-
tion mechanisms taking place on the surface of the adsor-
bent. In this context, KBr pellets with a 0.5% content of 
pine-needle AC were prepared and tested using Fourier 
transform infrared (FT-IR) spectroscopy on a Nicolet™ 4700 
FTIR spectrometer.

For further characterization, the point of zero charge 
(PZC) of the pine-needle AC was determined. At the PZC of 
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the AC, the total charge of the surface functional groups is 
equal to zero. If the pH of a solution is above its PZC, the AC 
surface will have a net negative charge and predominantly 
exhibit an ability to exchange cations, while the AC will 
mainly retain anions if the solution pH is below its PZC [26]. 
The PZC was determined by adding 0.1 g of the AC to solu-
tions of NaCl at different pH values. The solution that will 
not show a change in pH after 24 h from the addition of AC 
is considered to have the closest pH to the PZC of the AC.

2.2  Column adsorption tests

Fixed-bed adsorption column tests were conducted to 
determine the efficiency of the pine-needle AC in remov-
ing chromium.

To calculate the amount of Cr(VI) adsorbed per unit 
mass of adsorbent, the following mass balance equation 
was used:

where qe is the amount of Cr(VI) adsorbed at equilibrium 
(mg g−1), C0 is the initial concentration of Cr(VI) (mg  L−1), 
Ce is the final Cr(VI) concentration at equilibrium (mg  L−1), 
V is the volume of water treated (L), and m is the mass of 
adsorbent (g), while the % removal of Cr(VI) was calculated 
as follows:

The fixed-bed tests were conducted using a set of two 
plexi-glass columns, 2.3 cm internal diameter and 15 cm 
long, installed on a stand and packed with thoroughly 
mixed batches of AC to ensure uniformity in bed compo-
sition. Prior to loading each column with 2 g of AC, the 
columns were packed with glass wool for a depth of 1 cm 
to ensure that the granular AC will not escape from the 
column. The AC was also boiled in water for a period of 
10 min so that all air trapped inside the AC pores will be 
replaced by water (ASTM method D6586). Acid wash was 
applied to the columns after each test.

A set of two master flex peristaltic pumps supplied by 
Cole-Parmer, USA was used to feed the water/metal solu-
tion at a constant flow rate to the top of the column to 
allow for gravity flow through the column. The flow rate 
to the columns was fixed at 15 mL min−1.

Testing procedures involved the preparation of 300 mg 
 L−1 stock solutions of the metals using deionized (DI) water 
and the salt of the metal  (K2Cr2O7). Adjustments to the 
water/metal pH solutions, where needed, were performed 
through the addition of 0.5 M HCl or 0.5 M NaOH while 

(1)qe =

(

C0 − Ce
)

V

m

(2)%Cr(VI) removal =

(

C0 − Ce
)

100

C0
.

constantly measuring the influent metal concentration 
after arriving at a fixed pH value. Periodic sampling of the 
effluent was carried out at periods ranging from 1 min to 
30 min depending on the metal adsorption rate.

Standard methods were adopted in the analytical test-
ing procedures of pH and metal concentrations, whereby 
methods 4500-H+ [27] and 3111 [28] were used in deter-
mining the two parameters, respectively. pH was deter-
mined using Orion pH meter model 811 supplied by Orion 
Research, Inc., Cambridge, Mass. Flame atomization on AA 
spectrophotometer model SOLAAR atomic absorption 
spectrophotometer with ASX-510 auto-sampler was used 
in an effort to determine chromium concentration with a 
lower detection limit of 0.1 mg L−1.

All tests were run in duplicates with most in triplicates. 
The column adsorption tests were performed at a tem-
perature of 22 ± 2 °C and covered five different Cr(VI) con-
centrations (0.5, 2, 6, 20, and 50 mg  L−1) at pH 4, with the 
first two concentrations being also tested at pH 5 and 6.

2.3  Batch adsorption tests

Batch adsorption tests were performed to determine 
related adsorption equilibria and kinetics for the tested AC. 
Batch tests were conducted at constant pH values, adsor-
bent concentration, and room temperature (22 ± 2 °C). 
Adsorbent concentration value was set at 4 g  L−1, and the 
pH selected was that determined from column tests to be 
the optimal for specific metal removal. 100 mL metal solu-
tions were mixed with 0.4 g of pine-needle AC in 125-mL 
conical flasks under constant magnetic stirring at 150 rpm 
during the first 4 h after which it was reduced to 100 rpm 
until equilibrium was reached.

In selecting the pH values to be adopted in the experi-
mental work, reference was made to the specific metal 
hydroxide solubility levels. Varied metal concentrations 
were selected for the metal to conform to the most com-
mon concentrations normally discharged in industrial 
wastewaters as reported by the US Federal Water Pollution 
Control Act (as amended through P.L. 107–303, November 
27, 2002).

2.3.1  Adsorption isotherm

Three adsorption isotherm models were tested for the batch 
reactions which included the Langmuir, the Freundlich, and 
the Temkin models. The Langmuir model assumes that the 
adsorbed molecules form a monolayer and that adsorption 
can occur at a fixed number of adsorption sites and all of 
them being equivalent in adsorption abilities. Moreover, it 
assumes that every molecule has a constant enthalpy and 
sorption activation energy, meaning that all molecules have 
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equal affinity to all adsorption sites. The Langmuir isotherm 
is represented by the following equation:

where qe is the amount of ions adsorbed at equilibrium 
(mg g−1), qmax is the monolayer adsorption capacity of the 
adsorbent, Ce is the equilibrium concentration (mg  L−1), 
and KL is the Langmuir adsorption constant (L  mg−1).

To evaluate the adsorption capacity for a particular range 
of adsorbate concentrations, Eq. 5 is linearized to read as 
follows:

The constants qmax and KL are determined by plotting Ce/
qe versus Ce and determining the slope and equation of the 
resulting curve. Moreover, a dimensionless constant known 
as separation factor (RL) can be calculated using the follow-
ing equation:

The RL value indicates the adsorption nature to be either 
unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or 
irreversible (RL = 0) [29, 30].

The Freundlich model, which supports multilayer adsorp-
tion, agrees with the Langmuir model over moderate ranges 
of concentrations but differs at low and high concentrations. 
The Freundlich model applies better at low concentrations 
and is represented by the following equation:

where KF and n are constants related to the adsorption 
capacity and adsorption intensity, respectively. When lin-
earized, the equation will take the following from:

The values of KF and n can be obtained from the intercept 
and slope of the linear line that results from a plot of ln qe 
versus ln Ce.

The Temkin model, considered to be the simplest of the 
models, was developed by considering the chemisorption 
of an absorbate onto the adsorbent [30, 31]. The Temkin iso-
therm equation is represented by:

(3)qe =
qmaxKLCe

(1 + KL Ce
)

(4)
Ce

qe
=

(

1

qmax

)

Ce +

(

1

KLqmax

)

.

(5)RL =
1

(1 + KL C0
) .

(6)qe = KFC
1
∕n

e

(7)ln qe = ln KF +
(

1

n

)

lnCe.

(8)qe =

[(

RT

bT

)

lnCe

]

+

[(

RT

bT

)

ln KT

]

where RT
bT

= B , KT = A , R is the universal gas constant 

(8.3145 J mol−1 K−1), T is the absolute temperature, in K, bT 
is the variation of the adsorption energy (J mol−1), KT is the 
equilibrium binding constant (L g−1), and A and B are 
constants.

By plotting qe versus ln Ce, a straight line is generated 
from which (RT/bT) and KT are determined from the slope 
and intercept of the line.

2.3.2  Adsorption kinetics

Pseudo-first-order and pseudo-second-order models were 
used in modeling adsorption kinetics. The respective linear 
forms of the model equations are presented by the follow-
ing equations [23]:

and

where qt is the amount of ions adsorbed at time t (mg g−1), 
k1 and k2 are the pseudo-first-order and pseudo-second-
order model rate constants expressed in  min−1 and 
g mg min−1, respectively.

3  Results and discussion

3.1  Surface characteristics of pine‑needle AC

Characterization of the produced pine-needle AC was 
performed by determining the parametric values based 
on analytical methods adopted from ASTM standards 
and reported in Table S1. ASTM classifies powdered acti-
vated carbon any AC that has a particle size predominately 
smaller than an 80-mesh sieve (0.177 mm opening). Parti-
cle size distribution of the pine-needle AC is presented in 
Table S2 complying with ASTM standards. Figure 1 shows 
the SEM for the micrograph of the pine-needle AC before 
and after the application of Cr(VI). Figure 1a shows a clear 
highly porous structure of the AC, while Fig. 1b shows a 
marked difference of the AC surface structure after the 
adsorption process with some pores that appear to have 
been occupied with an unidentified matter which might 
be chromium deposits and possibly solvent-induced 
morphological change [32]. Elemental analysis (Table 1) 
of the precursor and the AC indicate that carbon is the 
predominant element, followed by oxygen, which prob-
ably is present in functional groups on the surface of the 
AC. As shown in Table 2, the high silica content could be 

(9)ln
(

qe − qt
)

= ln qe − k1t

(10)
t

qt
=

(

1

k2q
2
e

)

+

(

1

qe

)

t
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responsible for the relatively high ash content detected in 
the pine-needle AC [33]. The potassium present could be 
attributed to residues resulting from the chemical activa-
tion step where KOH was used and possibly from the initial 
chemical  (K2Cr2O7) used in the preparation of the Cr(VI) 
solution.

The spectrum produced from the FT-IR is shown in 
Fig. 2. Peak characteristics are presented in Table S3 where 
it can be seen that the resulting functional groups cor-
roborate results reported for several other types of AC [34, 
35]. These groups will affect the pH of the AC, the point 
of zero charge (PZC), and the different reactions that may 
take place between the AC and the adsorbed molecules. 
The final versus the initial pHs are depicted in Fig. 3 where 
it can be seen that the PZC of the pine-needle AC is close 

to 3. This indicates that at pH values above 3, the pine-nee-
dle AC would be able to exchange cations, which among 
different pollutants would favor the removal of heavy met-
als that are present in the cationic form. 

From the DTG curve presented in Fig. 4, it is noted that 
thermal decomposition of pine-needle AC takes place in 
three well-evident stages. The first loss extends between 
50 and 149 °C attributed to loss of adsorbed  H2O(l) on the 
surface of the AC. The second and the third weight losses 
are weaker than the first occurring between 149–425 °C 
and 425–770 °C, respectively. These losses can be attrib-
uted to the presence of carbonyl groups on the AC surface.

3.2  Effect of Cr(VI) concentration and pH 
on adsorption capacities in column tests

The capacity of the pine-needle AC to adsorb Cr(VI) at 
pH values of 4, 5, and 6 and varying concentrations of 
0.5 and 2 mg L−1 for the fixed-bed column tests are pre-
sented in Fig. 5a, b. Starting with an initial concentration of 
0.5 mg L−1, full breakthrough was achieved at 350 min and 
100 min for the runs carried out under pH 5 and 6, respec-
tively. A clear delay in breakthrough was reported when 
operating under pH 4 which was reached at 550 min. Upon 
increasing the concentration of Cr(IV) in the feed water 
to 2 mg L−1 under the same conditions, breakthrough 

Fig. 1  SEM images of the pine-needle AC a before and b after Cr(VI) adsorption

Table 1  CHN elemental 
analysis on pine needles and 
pine-needle AC

Element C H N O S

% Weight Pine needles 42.2 6 0.85 19.2 0.9
Pine-needle AC 58.6 3.9 0.1 12.1 0.4

Table 2  Metals analysis on pine needles and pine-needle AC

Element Pine needles Pine-
needle 
AC

Silica (mg/g Si) 8.5 3.9
Chlorides (mg/g Cl) 4.5 4
Sodium (mg/g Na) 25 14
Potassium (mg/g K) 18 82
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was reached after 11 and 9 min when operating under 
pH 5 and 6, respectively. A further delay in breakthrough 
(580 min) was reported when operating under pH 4.

System pH affects the adsorption process in two ways, 
first by affecting the functional groups on the active sites 
of the AC and second by affecting the speciation of the 
metal ions in solution, i.e., adsorption of heavy metal 
ions onto AC. In the present study, the effect of pH on the 

removal capacity of the pine-needle AC is distinct. It is 
noted that the change in pH did not have a major effect 
on the surface functional groups of the AC. Consequently, 
the variation in removal capacity could be linked to the 
speciation of the metal ions in solution.

The resulting data on pH variation indicate that Cr(VI) 
is almost exclusively removed at low pH. The speciation 
diagram for Cr(VI) (Fig. 6 [36]) shows a clear difference in 
the distribution of the different species of Cr(VI) at differ-
ent pH values. In the conducted experiments, the highest 

Fig. 2  FT-IR spectrum of pine-needle AC

Fig. 3  Point of zero charge (PZC)

Fig. 4  TGA and DTG curves for pine-needle AC
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adsorption of Cr(VI) took place, at pH 4, when the level 
of HCrO−

4
 was the highest and the level of CrO2−

4
 was the 

lowest. Increasing the pH from 4 to 6 favors the forma-
tion of  CrO4

2− which is expected to result in a stronger 
electrostatic repulsion with the negative charge surface 
of the AC (PZC = 3.12). The decrease in adsorption capacity 
of the AC could thus be due to the electrostatic repulsion 
between the AC surface and the chromium ions according 
to the speciation diagram. In this context, it is to be noted 
that maximum adsorption should have occurred at a pH 
of 3, and however, a test at this pH was not conducted. 
Another possibility for this behavior could be attributed 
to the presence of the hydrogen atoms at low pH, which 

might introduce hydrogen bonding as a mechanism of 
removal. It should be noted that a number of researchers 
have noted a similar behavior and have speculated that 
the reduction in adsorption capacity at higher pH values 
may be due to competitive adsorption between chromate 
and hydroxyl ions.

Further testing was carried out under pH 4 which was 
determined to be the optimal condition for removal of 
Cr(IV). The breakthrough curves for Cr(IV) under pH 4 
were fitted using traditional adsorption behavior. Models 
applied for this study were Bohart–Adams, Thomas, and 
Yoon–Nelson. Bohart and Adams [37] is based on the sur-
face reaction theory and is considered to best describe 

Fig. 5  Breakthrough curves for Cr(VI) removal at varying pH and initial concentrations of a 0.5 and b 2 mg  L−1

Fig. 6  Speciation diagram for 
Cr(VI)
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the initial parts of sorption breakthrough curves which is 
expressed as [38, 39]:

where kAB (L/mg min) is the Bohart mass transfer coeffi-
cient and Co and Ct are influent and effluent concentra-
tions, respectively. t (min) is the sample time, N0 (mg/L) 
is the saturation concentration, U0 (cm/min) is the linear 
velocity calculated by dividing the flow rate by the column 
cross-sectional area, and Z (cm) is the bed depth [40, 41]. 
The Thomas model [42] is the most general and widely 
used model for expressing the theoretical behavior of 
adsorption column performances. The model has the fol-
lowing form [43, 44]:

where Q is the volumetric flow rate, KTh is Thomas kinetic 
coefficient, t is the total flow time (min), and q0 and m 
are the adsorption capacity and mass of the adsorbent, 
respectively. Yoon–Nelson model is a simpler model uti-
lized for single component systems and is expressed as 
[45, 46]:

where KYN is the rate constant, τ is time required for 50% 
adsorbate breakthrough, and t is time of the run. Apply-
ing the aforementioned models on experimental data, the 
values of each model parameters were determined and 
are presented in Table 3. Both Thomas and Bohart–Adams 
model fittings yielded R2 values ranging from 0.81 to 0.97 
indicating good linearity. Observed values of kAB show a 
slight increase with increase in initial concentration which 
is in agreement with Guibal et al. [47] who stated that over-
all system kinetics may have been influenced by external 
mass transfer. Results indicate that KTH decreases and q0 
increases with increased concentration. Yoon–Nelson 
model had the best R2 value among the used models indi-
cating that this model best describes the breakthrough. 

(11)ln

(

Ct

Co

)

= kABC0t − kABN0

Z

u0

(12)ln

(

C0

Ct
− 1

)

=
KThq0m

Q
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(13)ln
Ct

C0 − Ct
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Yoon–Nelson parameters KYN and τ showed a similar pat-
tern to KTH and q0.

Using the formula by Ghribi and Chlendi [48], error anal-
ysis was carried out so as to determine the model that best 
describes the experimental data:

where N is the number of observations, (C/Co)cal and 
(C/Co)exp are the model obtained ratios of effluent to influ-
ent metal concentrations and the ratios obtained from 
experimental data, respectively. Table 4 depicts Yoon–Nel-
son model to best describe the data. In addition, the plots 
in Fig. 7 show that the predicted Thomas and Yoon–Nelson 
curves to be extremely close to experimental data and to 
each other.

It can be deduced that higher Cr(VI) removals are 
mostly effected at lower initial concentrations, with lower 
removals exercised at higher initial concentrations. The 
capacities of the AC, however, increase as the concentra-
tion increases to attain its maximum level at an initial con-
centration of 20 mg L−1 beyond which a decrease takes 
place at 50 mg L−1 to reach the range of the initial low-level 
capacities recorded for concentrations of 0.5–6 mg L−1.

3.3  Adsorption isotherms

The batch adsorption experiments were conducted to deter-
mine the isotherms that best fit the adsorption process for 
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Table 3  Model parameters

Concentra-
tion (mg L−1)

Bohart and Adams Thomas Yoon and nelson

R2 KAB [L (mg min)−1] No (mg L−1) R2 KTH [mL (min mg)−1] q0  (mg g−1) R2 KYN  (min−1) τ (min)

0.5 0.89 0.0175 346.8 0.89 0.035 1.3 0.98 0.0014 215.5
2 0.97 0.02 384.5 0.97 0.01 5.8 0.82 0.0148 51.8
6 0.88 0.0203 48.4 0.88 0.003383 2.2 0.83 0.0348 5.9
20 0.85 0.023 131.3 0.85 0.00115 19.7 0.9 0.162 2.5
50 0.81 0.0198 126.2 0.81 0.000396 47.3 0.93 0.405 1.0

Table 4  Error values

Concentration 
(mg L−1)

Bohart and 
Adams (δ)

Thomas (δ) Yoon and 
nelson (δ)

0.5 0.99 0.022 0.023
2 0.98 0.08 0.012
6 0.9 0.023 0.023
20 0.92 0.044 0.021
50 0.75 0.024 0.024
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the tested metal. The tests were performed taking account 
of the specific conditions that were deemed to have shown 
the best result for the specific metal. For adsorbate concen-
trations ranging between 5 and 200 mg  L−1 the maximum 
adsorption capacity of 41.13 mg Cr(IV) per gram of AC was 
reported at pH 4.

Figure S2 and Table 5 show plots and calculated results, 
respectively, of the data fitting for the Langmuir, Freundlich, 
and Temkin models. Among the tested isotherm models, the 
results indicate that for Cr(VI) the Freundlich and the Temkin 
seem to best represent the adsorption data.

The separation factor (equilibrium parameter) RL, which 
represents the essential characteristics of the Langmuir iso-
therm, has been found to vary between 0.78 and 0.99 for the 
different tested metal concentrations, i.e., between 0 and 1, 
which indicates that the adsorption is favorable [49]. As for 
the Freundlich adsorption isotherm, the results indicate that 
the calculated values for the adsorption capacity constant KF 
were 3.412 while the n value is 1.413, which also represents 
favorable adsorption. It is to be noted that the correlation 
coefficient (R2) recorded for the Freundlich isotherm (0.927) 

shows a better fit than that of the Langmuir model (0.853) 
and the Temkin model also shows a high correlation with 
R2 equal to 0.953. The experimental results obtained for the 
adsorption isotherm show a good adsorption capacity (qmax) 
of 65.36 mg g−1.

3.4  Adsorption kinetics

The rate kinetics of Cr(VI) adsorption on pine-needle AC ana-
lyzed from the linear plots for the pseudo-first- and pseudo-
second-order equations (Figure S3) indicate better fit of the 
pseudo-second-order model with the experimental data 
compared to the first-order model. The result is supported 
by earlier findings [50–53]. Using intra-particle diffusion 
model, the root time dependence was determined based 
on the following equation [54]:

where qt is the quantity of solute on the surface of the 
sorbent at time t (mg g−1), kid the intra-particle diffusion 
rate constant [mg (g min 1/2)−1], t the time, and I is the 

(15)qt = kid
√

T + I

Fig. 7  Predictive vs experimental data at pH 4. a 0.5 mg L−1, b 2 mg L−1, c 6 mg L−1, d 20 mg L−1, and e 50 mg L−1

Table 5  Batch adsorption 
models

Metal Langmuir parameters Freundlich parameters Temkin parameters

qmax KL RL R2 n KF R2 A B R2

Cr(VI) 65.36 0.0446 0.78–0.99 0.853 1.413 3.412 0.927 1.01 5.081 0.953
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intercept (mg g−1). The calculated model parameters are 
given in Table 6, which indicates an increase in both kid 
and I with increased Cr(IV) concentration. According to 
Rai et al. [55], the increase in the values of the parameters 
corresponds to the increase in boundary layer thickness 
which gives more importance to the surface adsorption as 
the rate limiting step. Additionally, the value of I indicates 
the involvement of some other mechanism in the process, 
which could be an indicator that chemisorption might be 
the mechanism responsible for the removal of Cr(VI) with 
pine-needle AC used as a sorbent.

3.5  Adsorption mechanism

Based on the results obtained, an evaluation of the adsorp-
tion mechanism of Cr(VI) is attempted herewith. The 

speciation of Cr(VI) at different solution pH values helps in 
determining the ionic state of its active functional groups 
[52, 56]. Gherasim et al. [36] showed that at pH between 2 
and 6 Cr(VI) ions exist as  HCrO4

− and  Cr2O7
2− species with 

 HCrO4
− at its highest concentration and  Cr2O7

2− at its low-
est (Fig. 6). Miretzky and Cirelli [57] reported that these 
species can be adsorbed to the protonated active sites of 
the adsorbent and that at pH values greater than 6 the 
adsorption of Cr(VI) is limited due to competition between 
the existing anionic species and  OH− for adsorption sites. 
Chen et al. [1] inferred that the possible removal mecha-
nism of Cr(VI) could be due to the migration of Cr(VI) 
species  (HCrO4

−) to the positive charged adsorption sites 
mainly due to electrostatic driving forces and due to Cr(VI) 
being reduced to Cr(III) by contact with electron donor 
groups of the adsorbent surface [58]. It may also be added 
that with  HCrO4

− being the governing species in the acidic 
range the presence of the hydrogen atoms might induce 
hydrogen bonding as a mechanism of removal [59].

3.6  Comparison of pine‑needle adsorption 
capacities with other types of AC

A comparison of Cr(VI) adsorption capacities between the 
performance of several laboratory-prepared AC’s and the 
pine-needle AC is presented in Table 7. For the purpose of 

Table 6  Intra-particle diffusion model parameters

Concentration 
(mg L−1)

R2 kid I

0.5 1.00 0.34 7.83
2 0.72 0.69 19.06
6 0.92 3.25 45.54
20 0.92 10.33 189.30
50 0.71 23.31 439.06

Table 7  Comparing Cr(VI) adsorption capacity of the pine-needle AC and other laboratory-prepared ACs

AC type Capacity (mg g−1) Experiment conditions References

Cornelian cherry qexp = 59.4 pH = 1—Initial Cr(VI) = 300 mg  L−1 [60]
Apricot stone qexp = 58.86 pH = 1—Initial Cr(VI) = 300 mg  L−1 [60]
Almond shells qexp = 59.64 pH = 1—Initial Cr(VI) = 100 mg  L−1 [60]
Coconut shell qmax = 11.51 pH = 2—Initial Cr(VI) = 100 mg  L−1 AC dose = 2 g  L−1 [61]
Coconut fiber qmax = 21.75 pH = 2—Initial Cr(VI) = 100 mg  L−1 AC dose = 2 g  L−1 [61]
Oilpalm shell qmax = 154 pH = 4—Initial Cr(VI) = 20 mg  L−1

AC dose = 20 g  L−1
[62, 63]

Sugar waste qmax = 41.2 pH = 5—Initial Cr(VI) = 44 mg  L−1 AC dose = 5 g  L−1 [64]
Tuncbilek lignite qmax = 33.9 pH = 2—Initial Cr(VI) = 500 mg  L−1 [65]
Coconut qmax = 13.88 Initial Cr(VI) = 5–50 mg  L−1—AC dose = 2 g  L−1 [66]
Coal reject qmax = 29.9 pH = 5 [3]
Hazelnut shell qmax = 52.2 pH = 3 [3]
Fir wood qexp = 74.5 pH = 3 [3]
Modified corn stalks qmax = 200 Initial Cr(VI) = 100–400 mg  L−1—AC dose 0.5—4 mg  L−1 [1]
Modified Bamboo charcoal qmax = 35.7 (Fe MBC)

qmax = 51.7 (Co–Fe–MBC)
pH = 5 [67]

Palm kernel shell qmax = 125 Initial Cr(VI) = 10–100 mg  L−1 [68]
Mango kernel qmax = 7.8 Initial Cr(VI) = 200–1000 mg  L−1 [4]
Green coconut shell qmax = 22.96 Initial Cr(VI) = 10–100 mg  L−1—AC dose 2—10 mg  L−1 [69]
Almond shell qmax = 195 Initial Cr(VI) = 50–1000 mg  L−1 [55]
Pine needle qmax = 65.36

qexp = 41.13
Batch run: pH = 4—Initial Cr(VI) 200 mg  L−1—AC dose = 4 g  L−1 Present study
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this comparison, the optimal conditions and the highest 
achieved capacities are indicated.

It is noted from the results reported in Table 6 that pine-
needle AC presents a relatively high adsorption capacity 
for Cr(VI) compared to other ACs reported in the literature.

4  Conclusions

KOH-activated pine-needle AC was examined as a sorbent 
for hexavalent chromium removal from aqueous solution. 
Results have indicated that maximum Cr(VI) adsorption is 
effected at relatively low pH solutions (in the range of 3–4) 
with appreciable adsorption reduction at higher pH val-
ues. This behavior is substantiated by the low  pHPZC (3.12) 
whereby increase in pH favors the formation of CrO−2

4
 at 

the cost of HCrO−
4

 which results in a stronger electrostatic 
repulsion and thus reduced adsorption. The initial metal 
concentration of 20 mg  L−1 resulted in optimal adsorp-
tion capacity when tested within an initial concentration 
range of 0.5–50 mg  L−1. It was deduced that adsorption 
isotherm exhibits Freundlich behavior, indicating mul-
tilayer adsorption. Following the pseudo-second-order 
adsorption kinetics revealed that chemisorption is the 
mechanism responsible for the removal of Cr(VI) using 
pine-needle AC. The measured and calculated maximum 
adsorption capacities of 41.13 mg g−1 and 65.36 mg g−1, 
respectively, are considered quite effective compared to 
the capacities recorded for many other AC precursors. It 
is to be noted that the proposed precursor material is a 
feasible, effective, and sustainable alternative sorbent and 
widely available at a low cost.
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