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h i g h l i g h t s

� Potential use of pine bark as a biosorbent for Cu, Pb, Zn, Ni and Cd was evaluated in column experiments.
� The sequence of metal affinity for pine bark was the following: Pb > Cu z Cd z Ni > Zn.
� Pine bark removed 100% of the elements from 2.5 mM metal solutions.
� Metals were not detected in the outcoming solution until pine bark reached saturation.
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a b s t r a c t

The potential utilization of pine bark as a biosorbent for the treatment of metal-contaminated soils and
waters has been evaluated in transport experiments using laboratory columns. Solutions containing the
metals Cu, Pb, Zn, Ni or Cd, each one individually and at three different concentrations (2.5, 10 and
25 mM) were tested. Pine bark affected metal transport and the breakthrough curves, producing a
reduction of their concentrations in the solution and a clear retardation with respect to an inert tracer. At
metal concentrations equal to 2.5 mM, 100% of the assayed elements were removed from the solution in
the pine bark column. At the 10 mM metal concentration, the percentage of metals retained fell to 38
e67% of the amount added, whereas at the 25 mM metal concentration, only 16e43% was retained. In all
cases, the highest retention capacity corresponded to Pb, and the lowest to Zn, whereas Cu, Cd and Ni
produced intermediate comparable results. The analysis of the pine bark within the columns after the
transport experiment showed that the metals entering the column adsorb progressively until a satura-
tion concentration is reached in the whole column, and only then they can be released at significant
concentrations. This saturation concentration was approximately 70 mmol kg�1 for Cd, Ni and Zn,
100 mmol kg�1 for Cu, and 125 mmol kg�1 for Pb. Overall, our experiments have shown the high
effectiveness of pine bark to retain the assayed metals in stable forms of low mobility.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, in situ bioremediation is seen as the least ecologically
damaging and least expensive remediation technique for contam-
inated soils (Park et al., 2011), thus giving a growing interest in
recycling organic residual materials with this aim. The main goal

during bioremediation of metal-contaminated soils is reducing
metal bioavailability, as these pollutants do not undergo microbi-
ological or chemical degradation. Decreased bioavailability can be
achieved by immobilization onto solid matrices with high affinity
for these pollutants, and the same principle is valid for the treat-
ment of contaminated wastewaters (Sud et al., 2008). Organic
matrices increase metal immobilization mainly through adsorption
and complexation reactions (Park et al., 2011). Some organic ma-
terials have high affinity for metal cations due to its composition,
including cellulose, hemicelluloses, lignin, proteins, sugars and* Corresponding author.
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other components with a variety of ligands or functional groups
with metal binding capacity. Carboxyl, phenolic, hydroxyl,
carbonyl, acetamide groups, alcohols and esters provide metal af-
finity through ion exchange, complexation and chelation (Harter
and Naidu, 1995; Sud et al., 2008).

Organic materials of residual origin present several advantages,
in addition to waste reuse and recycling, including low-cost,
availability, efficiency and often possibility of regeneration of the
sorbent and metal recovery (Bailey et al., 1999). Among residual
materials that have been used for the treatment of contaminated
soils and waters, previous studies have focused on manure
(Chamon et al., 2005), composts from a variety of feed-stocks
(Brown et al., 2003; Farrell and Jones, 2010; Paradelo et al., 2011)
and wood barks from several species (Seki et al., 1997). Bark from
Pinus sp. is one of the materials recently investigated with this
objective (Gichangi et al., 2012; Cutillas-Barreiro et al., 2014). Pine
bark is a by-product from the timber industry which is produced in
huge quantities in some areas of the world, in particular where
forest areas and wood production are relevant. Its high organic
content and composition makes it potentially suitable for the
treatment of soils and waters polluted with metallic cations. The
high tannin and lignin contents of pine bark have been signalled as
the main cause for its potential metal sorption capacity (Bailey
et al., 1999). The polyhydroxy polyphenol groups of these mole-
cules are thought to be the active species in the adsorption process:
ion exchange takes place as metal cations displace adjacent
phenolic hydroxyl groups, forming a chelate (Randall et al., 1974;
Vazquez et al., 1994).

Batch-type experiments have been previously used to assay pine
bark efficacy as regards heavy metal sorption (Cutillas-Barreiro
et al., 2014), giving good results. However, laboratory column ex-
periments are considered a further step to approach field condi-
tions and the industrial use of pine bark as purging material.
Another aspect to be taken into account is that transport experi-
ments are required to characterize some water treatment pro-
cesses, such as those affecting in situ groundwater decontamination
tasks undertaken with permeable reactive barriers (Blowes et al.,
2000).

In this workwe have performed laboratory column experiments
to study the effect of pine bark on the retention and transport of
five metals (Cu, Pb, Zn, Cd, Ni), with the objective of shedding light
on processes taking place when using pine bark to treat contami-
nated soils and waters.

2. Materials and methods

2.1. Pine bark

The pine bark used was a commercial product from Geolia
(Madrid, Spain), ground and sieved through a 2-mm mesh prior to
analysis. pH in water was determined in 1/2.5 solid/liquid sus-
pensions using a glass electrode (Crison micro-pH 2001, Spain).
Total organic C and N contents were determined using an elemental
Tru Spec CHNS auto-analyser (Waltham, USA). Pine bark has an
acidic pH (4.5), 486 g kg�1 carbon, and low nitrogen concentration
(0.08 g kg�1). The levels of heavy metals in pine bark (determined
using the X-ray fluorescence technique, Philips PW1710 diffrac-
tometer) are low (7 mg Zn kg�1, 2 mg Ni kg�1, 0.2 mg Pb kg�1,
0.1 mg Cd kg�1, <0.1 mg Cu kg�1).

2.2. Transport experiments

Laboratory experimentswere conducted to obtain breakthrough
curves (BTC) of metal solutions flowing through pine bark columns.
Solutions of Ni(NO3)2$6H2O, Cu(NO3)2$3H2O, Pb(NO3)2,

Zn(NO3)2$6H2O or Cd(NO3)2$4H2O containing total concentrations
of 2.5, 10 or 25 mM of Ni, Cu, Pb, Zn, or Cd, all of them present
individually, were used for the experiments, with NaNO3 0.01 M as
background electrolyte. The metal concentrations of the incoming
solutions have been selected taking into account the metal reten-
tion capacity of the pine bark under batch conditions (Cutillas-
Barreiro et al., 2014). All the experiments were conducted at
20 ± 1 �C in a thermostatized chamber.

Vertically-oriented columns were constructed using glass tubes,
60-mm long, with 10mm inner diameter, and filled withmoist pine
bark. Pine bark was added incrementally, with depths of 1 cm, each
addition followed by gentle tapping of the column to consolidate it
and remove any air bubbles. The columns were weighed at this
point to determine the mass of pine bark employed. At the input,
the columns were connected to a peristaltic pump (Gilson Minipuls
3, USA) through 1/16-inch PVC tubing. The pump was connected
through a three-way valve to the bottles containing deionized
water or metal solutions. At the output, columns were connected to
a fraction collector (Gilson FC 203 B, USA) through 1/16-inch PVC
tubing. Experimental conditions for all columns are summarized in
Table 1.

Once packed, columns were slowly saturated from the bottom
with deionized water during a 3-day period, with water entering
the columns at 2 mL h�1 as incoming flow. After this period, the
valve was switched and metal solutions were introduced in the
columns, with a 2 mL h�1

flow rate maintained for 8 h, approxi-
mately equivalent to four pore volumes (Table 1). Then, the valve
was switched and deionized water was again introduced in the
columns, with a 2 mL h�1

flow rate maintained for a 24-h period. At
this point, the column was weighed again to determine the pore
volume. The outflow effluents were sampled every 40 min, both
during the incoming metalesolution phase and during the
incoming water phase. Cu, Pb, Zn, Ni and Cd concentrations were
measured in each outflow sample, using flame atomic absorption
spectroscopy (FAAS) (Thermo Solaar M series spectrometer, USA). A
parallel experiment was carried out to determine the retardation
factor of each metal within the column. With this aim, a 10 mg L�1

solution of KBr was used as a solute tracer. The bromide (Br�) in the
effluent samples was measured in a segmented flow analyser (Bran
Luebbe Auto Analyser 3).

The resulting breakthrough curves (relative metal concentration
in the effluent vs. elapsed time) were plotted for all metals. Relative
metal concentration (C/C0) is calculated by dividing the metal
concentration in the effluent (C) by the metal concentration in the
input solution (C0).

Curves were further studied using temporal moment analysis as
described by Valocchi (1985), Stagnitti et al. (2000) and Kamra et al.
(2001). Temporal moment analysis allows quantifying solute
transport properties independently from an underlying mathe-
matical model.

In solute transport studies, the solute breakthrough curve in
dimensionless form is represented by

f ðtÞ ¼ Cðz; tÞ=C0
where C0 is the initial solution concentration at time t ¼ 0 and z is
the location. The moment-generating function for a continuous
function f(t) is

Mp ¼
Z∞

0

tpf ðtÞdt

where the superscript p ¼ 0; 1; 2; 3 … represents the zeroth, first,
second, third moments, etc. The normalised moments, m<n>

p , are
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