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• Oil solidifier products were characterized with FTIR, XPS, SEM, EDX.
• Most products were low density polymers or copolymers with trace amounts of Ca and Si.
• Products with decreasing carbon content, increasing Ca content, and decreasing bulk density performed best.
• Inter-particle void volume and intra-particle pore size contribute towards product oil-removal efficiency.
• Cohesiveness, consistency, and ease of removal of the final product were better for the low density polymeric solidifiers.
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a b s t r a c t

The physical characteristics and chemical composition of oil spill solidifiers were studied, and correlation

of these properties with product effectiveness enabled determination of characteristics that are desirable

in a good solidifier. The analyses revealed that the commercial products were primarily comprised of

organic polymers and a few trace elements. A natural sorbent, which was composed entirely of plant

based matter, was also evaluated, and it had the highest oil removal capacity, but it did not produce a

solid mat-like final product. Generally, solidifiers with a carbonate group, pore size greater than 5 μm,

and bulk densities lower than 0.3 g cm−3 were found to have better efficiency and produced a cohesive

rubbery final product that facilitated removal compared to sorbents. The importance of bulk density and

pore size in the performance of the solidifier suggest that the primary mechanism of action was likely

physical sorption.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Solidifiers are high molecular weight polymers that have porous

matrices and large oleophilic surface areas and are introduced dur-

ing an oil spill to chemically bond the solidifier with the oil and

transform the physical and chemical properties of the oil (Fingas,

2013) into a cohesive mat that can easily be removed from the

environment. An added advantage of using solidifier materials for

oil spill cleanup is that these materials can, in some cases, be re-

cycled by introduction into other industrial processes, such as as-

phalt modifications and rubber additives (National Response Team,

2007). They are used mainly on small, thin slicks near shorelines
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Fingas and Fieldhouse, 2011), where they are appropriate for re-

oving residual sheen.

Currently the most commonly used materials include styrene-

utadiene and related polymers (Fingas, 2013). The exact details

f most products are proprietary, and thus only a general under-

tanding of the solidifier products is possible. Rea (1991) tested

even pure polymeric or cross-linking chemicals with diesel fuel.

he products tested were two forms of norbornene, two forms

f styrene-ethylene butylene-styrene block copolymer, and three

ypes of styrene-butadiene block copolymers. The study concluded

hat the addition of the polymeric gelling agents (which are gener-

lly in the form of white powder flakes) reduced the fluid proper-

ies of oil (i.e., increased viscosity, plasticity, etc.), resulted in long

erm increases in physical solidification, and reduced emissions of

olatile organic compounds from the gelled fuel. However, mean-
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ngful differences among the performances of the different types of

olidifier were not obtained. Different forms of polypropylene non-

oven sorbents were evaluated by Wei et al. (2003) with the con-

lusion that the sorbent with a higher porosity has a higher initial

il pickup, but poor retention capacity. In another study, the sorp-

ion capacity of exfoliated graphite on different grades of heavy

il was found to be highly dependent on bulk density, indicating

he importance of grain size, void volume, and packing density of

he solidifier on oil removal capacity (Toyoda and Inagaki, 2000).

he performance of a solidifier product is expected to depend on

ts bulk powder density, which takes into consideration the size

f the powder particles and the spatial arrangement of particles

n the powder bed. The effectiveness of five solidifiers in removing

rudhoe Bay crude oil slicks was evaluated by Rosales et al. (2010),

nd the results showed the removal was non-selective and both n-

lkanes and polycyclic aromatic hydrocarbons (PAHs) reacted at a

imilar rate for each solidifier. Three of the solidifiers used in their

tudy showed similar performance under similar conditions and

ontained carbonate functional groups, which generally resulted in

etter performance.

The evaluation and pre-authorization of solidifier products are

ssential to serve as a strategic planning tool for regional response

eams and state or federal on-scene coordinators. The solidifiers

ere tested under various conditions to account for the many fac-

ors that could influence solidifier effectiveness (Sundaravadivelu

t al., 2014, 2015). In this study, we focused on characterizing the

2 solidifiers by using different analytical techniques. Currently, no

tudies have appeared in the literature that examines the physical

nd chemical features of oil solidifiers. Measuring and correlating

roperties that describe a solidifier with its oil removal capacity

ill enable determination of the characteristics that define a good

olidifier.

. Materials and methods

The solidifier agents studied in this paper were: Oil Bond,

ochar A650, ALSOCUP, Gelco 200, Enviro Bond 403 † , Waste-

et #3200, Norsorex, C.I.Agent, Aqua N Cap, Rubberizer † , Imbiber

eads † , and HTP † (products marked with the symbol † are of-

cially designated as a sorbent (National Response Team, 2009)).

ince sorbents do not contain environmentally reactive chemicals

r bioremediation agents to assist with their function, they do

ot need to be listed on the National Contingency Plan Product

chedule (NCPPS). However, solidifiers are considered be a chem-

cal countermeasure for oil spill remediation, which means that

hey have to be evaluated and listed by the U.S. Environmental

rotection Agency (EPA) on the NCPPS before they can be used

o remove or control oil discharges. A previous report by Michel

t al. (2008) discusses the difficulty in categorizing solidifiers and

orbents and although their classification may be different, their

echanisms of action are similar (Walker et al., 2001). In this

tudy, products that are classified as sorbents were analyzed for

ffectiveness in the same manner as the solidifiers. The 12 solid-

fiers were tested with five different types of oils (Supplementary

aterial, Table S1) to represent a range of viscosities (101 cP to 104

P).

.1. Experimental procedure for evaluating product effectiveness

The 12 solidifier products (referred to randomly as S1 to S12;

.e., the labels assigned should not be construed to refer to the

olidifier order named above) were evaluated at 2 temperatures

5 and 22 °C) with three solidifier-to-oil mass ratios (SOR of 1:2,

:4 and 1:8). Preliminary studies revealed that surface area, salin-

ty, mixing energy, contact time, and oil volume did not signifi-

antly affect performance and were thus fixed at constant values
or testing purposes (Rosales et al., 2010; Sundaravadivelu et al.,

014, 2015). A volume of 0.25 mL of oil was added to silanized

eakers containing 80 ml of water. Oil volume was kept constant

n the experiments, while the mass of the solidifier was changed

epending on the SOR used. After a contact time of 30 min, the so-

idifier and solidified oil were removed, and the water with the re-

aining oil was transferred from the beakers to 250 ml separatory

unnels and extracted 3 times with 20 ml of dichloromethane. A

iode-array Agilent 8453 UV–Visible Spectrophotometer was used

o analyze the extracts and quantify the percent of oil solidified

Supplementary Material, Equation S1). The Least Squares Mean Ef-

ciency (LSME) represents the overall effectiveness of each solidi-

er taking into consideration all the factors and levels tested (i.e.,

Oil Types, 3 SORs, and 2 Temperatures), and was used for infer-

ntial statistical comparison. The LSME was used to represent the

verall effectiveness of the solidifier and used as a solidifier per-

ormance index.

.2. Material characterization techniques

The 12 solidifiers studied were characterized by using several

nalytical techniques. The bulk density was calculated as the ra-

io of the mass of an untapped powder sample to its volume, in-

luding the contribution of the interparticle void volume. A Nico-

et 6700 (Thermo Scientific, Walthman, MA) Fourier transform in-

rared spectrometer (FTIR) was used to reveal information about

he molecular structure of chemical compounds in the middle in-

rared region (400–4000 cm−1) averaging 64 scans at a resolution

f 4 cm−1. X-Ray Photoelectron Spectroscopy (XPS), a complemen-

ary technique, was used to yield information about the atomic

omposition of a material’s surface. The analysis was performed

sing a Fusion Instruments ESCA 30 spectrometer over an elliptical

rea irradiated by the low energy (1487 eV) monochromatic alu-

inum Kα X-ray with a major axis of 1.0 mm and a minor axis of

.5 mm. The solidifier morphology was examined using an FEI XL

0 scanning electron microscope (SEM). The samples were fixed on

metal support and sputtered with a layer of gold/palladium al-

oy under vacuum before analysis, since they were non-conducting.

nergy Dispersive X-ray spectroscopy (EDX) analysis was carried

ut with the SEM and its adjunct EDX analyzer in order to obtain

he elemental composition. Although XPS and EDX are both useful

hile measuring elemental composition, XPS is surface-sensitive

ith an analysis depth of about 10 nm, while with EDX the com-

on analysis depth is about 1000 nm (Brundle et al., 1992). There-

ore, EDX provides an average bulk elemental composition in the

olume it analyzes in addition to surface topography.

. Results and discussion

.1. Oil removal efficiency

The effectiveness of all the solidifiers decreased with increas-

ng powder bulk density (Table 1). S6, S10, S1, and S11 were poly-

eric solidifiers with low powder bulk density, and they removed

pwards of 75% of the oil at 1:2 SOR and formed a mat-like so-

idified oil product. Although S2 (designated as a sorbent) had one

he best removal rates, it did not aid in the formation of a cohe-

ive solidified mass with the oil like the polymeric solidifiers. The

ther sorbents in this study (S4, S7, and S12) had a large particle

ize that contributed to a larger power bulk density, did not pro-

ote effective oil removal, and remained grainy at both the tem-

eratures. The experimental data pointed to a significant decrease

n removal efficiency with increasing oil viscosity and bulk powder

ensity of all the solidifiers (Sundaravadivelu et al., 2015). Overall,

he final consistency of the solidified oil was more cohesive and
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Table 1

Solidifier products in decreasing order of effectiveness.

Solidifier Bulk density (g cm−3) Least square mean efficiencya

S2 0.1429 56.8

S6 0.1818 47.8

S10 0.2724 44.8

S1 0.1917 41.8

S11 0.1729 41.5

S5 0.3369 38.0

S3 0.3424 36.7

S9 0.2776 31.5

S4 0.2595 27.4

S7 0.3442 15.6

S8 0.397 13.5

S12 0.6199 12.0

R2 0.65

a LS Mean Efficiency was computed by adjusting for 3 effects (i.e., 5 Oils, 3 SORs,

and 2 Temperatures).
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convenient to remove in comparison to the sorbed oil (Supplemen-

tary Material, Fig. S1).

3.2. Material characterization

3.2.1. FTIR

The FTIR spectroscopy method was used to detect the func-

tional groups present on the surface of the solidifier products

tested. It is particularly useful for identifying binary and ternary

polymer blends such as styrene-butadiene rubber, nitrile-butadiene

rubber, and polyvinyl chloride (Ghebremeskel and Shield, 2003).

All assignments to peaks were made according to Socrates (2004),

Lambert et al. (1987), and Coates (2000). Products S1 to S5 were

previously characterized with FTIR by Rosales et al. (2010). At-

tempts to identify the functional groups used in the solidifiers can

provide information that may help explain observed differences in

solidifier performance.

The functional groups that were identified in the products are

listed in Table 2 (The complete FTIR spectra can be found in the

Supplementary Material, Fig. S2 (a–g)). The FTIR spectrum of S6

had absorption bands attributed to carbonates and low-density

samples of polyethylene (Parker and Henryk, 1997). In the case of

S7, the spectrum was assigned to the stretching vibrations of the

carbons in the aromatic ring that is well evidenced in all copoly-

mers (Avram et al., 1972). The product also had carbonate and

mono substituted aromatic rings that are typically found in styrene

butadiene copolymers (Masson et al., 2001). The infrared spectrum

of S8 had methylene functional groups and peaks associated with
Table 2

Functional groups identification with FTIR analysis.

Solidifier Spectral peaks (cm−1) Corresponding functional group

S6 2916, 2855, 1450, 742 C–H and C–C

1450, 1376 Carbonates

1380, 1365 Low-density samples of polyethylene

S7 2900–2800 CH3 and CH2 groups

1583 Aromatic copolymers

1419 Carbonates

966, 699 Styrene-butadiene copolymers

S8 2920–2850 C–H and C–C absorption

1666, 1404, 960, 740 Polynorborene

S9 2900–2800 CH3 and CH2 groups

1411, 1020, 870 Carbonate

S10 2922, 2850 C–H in low-density polyethylene

S11 2900–2800 CH3 and CH2 groups

1450, 1376 Carbonates

S12 1735 C=O in the carbonyl group

2920, 2850 CH2 asymmetric stretching

3080–3030, 1515–1450 C–H and C=C in styrene copolymer

t

c

T

A

a

olymeric association in polynorborene (Cataldo (1994); De Clercq

t al., 2001). In the case of S9, in addition to methylene functional

roups, carbonate functional groups were identifiable that are typ-

cal of inorganic carbonates such as ions of metals like sodium or

alcium (Coates, 2000). The spectrum of S10 was very similar to

he spectrum of S6 showing the various properties that are typical

or low-density polyethylene. S11 was also similar to the previous

roduct and most likely a polymer of ethylene. Absorption bands

haracteristic of carbonates were also observed. S12’s peak corre-

ponded to characteristics that are typical of a styrene copolymer

Venkataraman and Vasudevan, 2001).

The FTIR technique provided essential information on functional

roups and possible blends of copolymers. Since the components

re well documented in the literature, identification of the blend

onstituents was possible. Polyethylene, polypropylene, polynor-

orene, and styrene butadiene copolymers were some of the com-

ounds identified. The IR spectra also revealed the presence of

arbonate as a functional group in some of the product formula-

ions, and this improved solidifier performance. Guo et al. (2006)

eported that the use of sodium carbonate as an alkali component

n polymers enhanced oil recovery. Several polymeric solidifiers

uch as styrene-butadiene, polytertiary-butylstyrene, polyacrylo-

itrile butadiene, polyisoprene, polyethylene, polypropylene, poly-

orbornene, butyl rubber, poly isobutylene, and related polymers

ave been evaluated in the past due to their ability to absorb very

arge quantities of oil in comparison to their own mass (Fingas

t al., 1990; Rea, 1991; Delaune et al., 1999; Janiak and Lassahn,

001; Wei et al., 2003; Ceylan et al., 2009). The block co-polymers

ere less efficient than the low density polymers with low bulk

owder density. The sorbents were typically highly dense with

arge molecular weights.

.2.2. XPS

The quantitative elemental analysis results obtained on the

olymer particle as determined by XPS analysis provided the

tomic ratios of the products tested. The solidifiers were mostly

ynthetic polymers that were primarily composed of elemental car-

on and oxygen. The photoelectron peaks of C 1s, O 1s, and other

lements are presented in Table 3.

All samples except S2 had absorption bands in the 3000–

800 cm−1 region (i.e., methyl and methylene groups). The XPS

pectrum of S2 showed a peak at 401.25 eV, which may corre-

pond to amine, amide, or protonated amine (Matienzo and Win-

acker, 2002). This was not surprising as the FTIR absorption bands

uggest that they can be assigned to a polymeric association com-

only found in chitin (N-acetyl glucosamine), which is very similar

o that of cellulose, but it differs because it contains a nitrogen-

ontaining appendage on each glucose monomer. For products S1,
able 3

tomic percent of elements on the surface of the solidifiers determined by XPS

nalysis.

Sample C 1s N 1s O 1s Ca 2p Si 2p Residual elements

S1 87.08 9.76 2.74 0.42

S2 53.29 4.97 41.75

S3 81.33 13.08 3.28 1.26 1.05

S4 97.72 2.28

S5 65.32 27.55 4.79 2.34

S6 91.94 8.06

S7 90.46 8.35 1.19

S8 88.83 11.17

S9 67.69 21.62 8.00 2.69

S10 96.78 3.22

S11 92.74 5.42 1.53 0.16 0.15

S12 77.74 21.19 <0.1 0.16 0.83
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3, S5, S7, S9, and S11, the carbonate group found in the FTIR sug-

ested that if the calcium was in the form of CaCO3, then almost

ll of the oxygen was in that form. These products were compara-

le in appearance and removal efficiency except for S9. This may

e due to their different powder bulk densities (S5: 0.17 g cm−3

s. S9: 0.28 g cm−3). S3 contained bromine (0.19%) and phosphate

dditives, which are characteristic of fire-retardants (Green, 1992).

he XPS spectrum of S4 shows a peak at 284.8 eV, which was char-

cteristic of short-chain polyethylene with predominantly alkane

–C carbon (Yokota and Tagawa, 2007). S6 was found to be purely

polymer with no additives, and the peak at 286.5 eV corresponds

o C–O–C and C–O–H (Boudenne et al., 2011), and it had a high oil

emoval efficiency (48%). While many elements (Si, Ca, S, Cl, Mg,

a) were detected in trace amounts, the surface concentration of

ll of them added up to only about 1 atomic percent, except the

arbon and oxygen concentrations.

.2.3. SEM

The morphology of all the solidifiers was analyzed, and some of

he most effective products exhibited porous structure and large,

pen, channel-like assemblies that likely facilitated permeation

nd interaction sites. The SEM images were obtained at magnifi-

ations ranging from 30X to 1200X depending on the features of

he solidifier products.
Fig. 1. SEM Image of (a) S1, (b) S2, (c) S3, (d) S5, (e) S6, (f)
Product S2, which had the best removal effectiveness, showed

everal open lumen orifices and was also found to be heteroge-

eous with various fiber structures and pore sizes (Fig. 1b). S6 and

10 when viewed under an SEM microscope contained a myriad

f pores that varied in size with an average diameter of approxi-

ately 7 μm (Fig. 1e and h). These two products were found to

ave the highest pore sizes among all the products tested. The

rain size was uniform and the powder was lightly packed. The

resence of loosely clumped texture along with the large pore size

esulted in high solidification performance. Products S1, S3, S5, S9,

nd S11 (Fig. 1a, c, d, g, and i) appear to be similar in texture

nd consistency. The SEM micrographs revealed that these prod-

cts contained pores in the range of 0.5–0.7 μm and that they

ere more tightly packed than S6 an S10. S7 (Fig. 1f) exhibited

few pores but had a very large particle size and higher bulk den-

ity. S4, S8, and S12 had large particle sizes with few grooves or

ores visible (Fig. 2a–c).

The natural fiber (S2), which had pores in the 2–120 μm diam-

ter range and spaces between the variously sized fibrous struc-

ures, had the best oil removing capacity. The lumen structure en-

bled maximum oil entrapment and compares well with similar

tudies where acetylated Populus fibers (Zhang et al., 2014) and

apok fibers (Lim and Huang, 2007) were used. Earlier studies

onducted with cotton fibers concluded that the volume between
S7, (g) S9, (h) S10, and (i) S11 at 800X magnification.
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Fig. 2. SEM Image of (a) S4 at 39X Magnification, (b) S8 at 39X magnification, (c) S12 at 35X magnification, (d) S4 at 800X magnification, (e) S8 at 800X magnification, and

(f) S12 at 650X magnification.

Fig. 3. Chemical composition of solidifiers determined by EDX analysis.
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the fibers plays an important role in the uptake of hydrocarbons

(Carmody et al., 2007). Large pore size in addition to the large

void volume produced the best efficiency. Nishi et al. (2002) stud-

ied the oil sorption kinetics of exfoliated graphite, carbonized fir

fibers, and carbon fiber felt and concluded the removal efficiency

depended on porosity and tortuosity factors. Therefore, in addition

to porosity, the tortuous nature of S2 also helped to improve its

performance. For the polymeric solidifiers, surface area, porosity,

and the pore diameter together determined their removal effec-

tiveness, which was comparable to results obtained using other

sorbent materials (Mangun et al., 1998). Usually, the amount ad-

sorbed is related to the surface area and porosity of the adsorbent

(Carmody et al., 2007).

3.2.4. EDX

The EDX analysis of the 12 products revealed that the chemical

composition on the surfaces was composed of carbon ranging be-

tween 60 and 90%, 10–20% atomic oxygen, and 3–5% calcium. Sili-

con was found in only one sample (S5), unlike in the XPS analysis,

which detected it in four additional samples. The EDX analysis re-

vealed a general trend of increasing carbon content with decreas-

ing order of effectiveness as seen in Fig. 3. Although S6 and S10

had higher carbon content, they had a much higher pore size of

7 μm as confirmed by the SEM analysis. The bulk density and pore

size appear to be more important than the elemental composition.

While the samples were analyzed with EDX, the sample ob-

servation camera revealed white particles, which were not visible

during SEM analysis since the polymer samples were coated with

gold/palladium alloy for increasing conductivity. Therefore, these

particles were analyzed separately. From the EDX spectra presented

in Fig. 4, the elemental composition of the entire sample (Fig. 4a)

and that of the white speckle (Fig. 4b) was measured separately

and compared. The white particle was Ca in the form of CaCO3 as

confirmed by the FTIR results. The presence of carbonate is thought

to improve oil removal efficacy of solidifiers (Karakasi and Mout-

satsou, 2010; Sarkar and Mahapatra, 2014). The white particulate

matter was found in four samples and was further analyzed. The

Ca content of the bulk sample and of the particle alone was (a)
.14% vs. 3.2% for S1; (b) 1.50% vs. 10.02% for S3; (c) 2.84% vs. 12.20

or S5; and (d) 0.91% vs. 2.54% for S9. These 4 solidifiers had re-

ovals of 30–40%, which places them in the intermediate range in

erms of removal efficiency.

.3. Effect of solidifier characteristics on their effectiveness

The solidifier products with the lowest bulk powder density ex-

ibited the highest oil removal capacity. However, it was only the

olymeric solidifiers that formed a distinct carpet like mass that

ould facilitate easy removal of the final product. While both so-

idifiers and sorbents exhibited high oil uptake at 1:2 SOR, the fi-

al texture of the solidified mass should also be considered while

hoosing a product. Though lower bulk density implies greater sur-

ace area, the direct measurement of specific surface area of the
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Fig. 4. EDX Analysis of S5 for the (a) Bulk sample (b) Particulate matter.
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olidifier samples was not possible since the product was modi-

ed significantly during the degassing procedure, which involves

eating under vacuum in order to clear the surface of all water

nd contaminants prior to analysis. When measuring specific sur-

ace area, the conditions under which a sample is prepared often

ictate the results, and any changes to the surface chemistry dur-

ng this process will result in unreliable data.

The topography and surface characteristics of the solidifier

roducts were studied by direct visualization with SEM (and sub-

equently with EDX). The pore diameter and surface structure were

sed to precisely elaborate on the characteristics and their effects

n oil removal effectiveness. Inferences regarding product perfor-

ances were made with simple property relationships (such as

ulk powder density and pore size) to shed light on adsorption

ehavior of the products studied. The grain size (and thus surface

rea), the inter-particulate void volume, and natural particle pack-

ng affected the removal capacities of the polymer products. When

wo products with similar bulk density (BD) were compared, say

6 (BD: 0.18 g cm−3; Efficiency: 48%; Pore Size: 7 μm) and S11

BD: 0.17 g cm−3; Efficiency: 41.5%; Pore Size: 0.7 μm), the prod-

ct with the larger pore size had a greater removal efficiency. In

ig. 2a, S4 at 39X shows the polymeric sample with smooth sur-

ace, sharp edges, and signs of abrasions without any pores visible.

owever, the entire sample was not composed of these smooth

urfaces. When the particle with grooves was magnified 800 times

Fig. 2d), some pores are seen with 0.2 μm diameters. In the case

f S8, the particle at 39X (Fig. 2b) and 800X (Fig. 2e) were both

evoid of any porous structure. This was the case with S12 as
ell (Fig. 2c and f). The particles ranged in size from 150 μm to

90 μm and were uniform spheres with smooth surfaces. This ex-

lained the poor oil uptake of these products (S4: 27%; S8: 13.5%;

12: 12%).

Products S4, S7, S8, and S12 had carbon content greater than

0%. No additives were detected in any of them except S7, which

ontained trace quantities of Ca (0.69%). These copolymeric mate-

ials were found to remove over 95% of Arabian Light crude at 1:1

OR. Therefore, they have the capability to remove oil from water,

ut their high bulk density accounts for less volume of product for

given SOR. In addition to this, the SEM images show large par-

icle sizes with very few grooves or pores visible. The elemental

nalysis found that the products were mostly low density poly-

ers or copolymers with small quantities of Ca and Si. As noted

arlier, the presence of carbonate (likely as calcium carbonate) pro-

ided an increase in effectiveness, which was similar to the results

btained by Karakasi and Moutsatsou (2010). Products with de-

reasing carbon content, increasing calcium content, and decreas-

ng bulk powder density performed the best in removing oil con-

amination from water.

Among the products that were studied, the oil removal effi-

acy depended heavily on physical characteristics such as den-

ity, surface area, porosity, and pore size rather than functional

roups and the exact blend of polymers. In earlier studies, the

eat of the reaction was measured for various oil and solidifier

ombinations to assess any chemical reactions that may occur dur-

ng the solidification process (Ghalambor, 1996). The National Re-

ponse Team (2007) concluded that the bonding was physical, not
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chemical, during solidification. The high correlation between bulk

powder density and oil removal efficiency observed in this study

suggested that the primary mechanism of action was likely phys-

ical absorption rather than a reaction involving chemical bond-

ing, which agrees with the conclusion reached by the National Re-

sponse Team (2007). Since the solidifiers are composed of poly-

mers whose properties are quite similar to those of crude oil, the

polymers attract and absorb the oil and adhere to one another to

form a cohesive final product. A key observation in the current

study was the cohesiveness and ease of removal of the final prod-

uct when we used solidifiers, which was not the case when we

used sorbents. Understanding the factors that influence the solidi-

fication process and any chemical reactions (or lack thereof) is cru-

cial in order to understand the mechanisms of actions of solidifiers.

We would also suggest listing the chemical composition, physical

characteristics, and toxicity in a standard format in the National

Contingency Plan (National Response Team, 2007).

4. Conclusion

The surface characteristics and properties of the solidifiers were

studied to better understand the solidification process and improve

the interpretation of their effectiveness values. The analytical tech-

niques used were able to provide the elemental composition, char-

acteristic functional groups, and surface topography of each prod-

uct. The natural fiber, S2, had the best removal effectiveness and

was composed of plant based materials. It had good hydrophobic

and oleophilic properties, and the highest oil uptake due to the

presence of a non-collapsing lumen of the fiber that provided large

gaps where the oil collected. Although it had the lowest bulk pow-

der density, highest pore diameter, and highest oil uptake, it failed

to produce a cohesive final product that could be easily removed.

Therefore, in addition to the absolute removal efficiency, the con-

sistency, cohesiveness, and ease of removal should also play an

important role in determining the suitability of a solidifier prod-

uct. Products S6 and S10 had the second and third highest ef-

ficiency and were entirely composed of polymers with no addi-

tives. Their low bulk density and large pore size likely contributed

to their effectiveness. Products S1, S3, S5, and S9 contain calcium

carbonate, phosphorus, and bromine additives that are commonly

added for fire retardation. Their efficiency tended to improve with

increasing calcium content and decreasing carbon content. In gen-

eral, the products containing a carbonate group performed well.

Also, these polymeric products with lower bulk density and small

grain size formed a mat-like solidified oil product that was co-

hesive and convenient to remove. The polymeric sorbent materi-

als (Products S4, S7, and S12) had high bulk density, large grain

size, and lacked any pores, which resulted in poor oil removal ef-

ficacy and impeded the formation of a firm rubber-like mat. The

inter-particle void volume and intra-particle pore size significantly

contributed towards product oil-removal efficiency. The impact of

bulk density and pores size on solidifiers’ performance suggests

that the primary mechanism of action was physical sorption and

points to the absence of any chemical reaction. Since bulk density

of a product was a readily available measurement and can pro-

vide an approximation of product efficacy, this could be used as

the defining property of an oil spill solidifier product for predicting

effectiveness.
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